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ABSTRACT. Cranial and dental specimens of Acritobippus, Pliohippus, and “Dinohippus” from California

are described. Merycbippus stylodontus, from the early Barstovian portions of the Barstow and Bopesta

Formations, is reassigned to Acritobippus stylodontus (new combination). Acritobippus is regarded as a

clade of probable tribal rank that is the closest sister taxon to the tribe Equini. Pliobippus sp. cf. P.

fossulatus is recognized from the early Clarendonian portion of the Mint Canyon Formation of California

and the Clarendon Beds of Texas. The following species are provisionally regarded as valid and referred

to Pliobippus s. s.: P. mirabilis; P. pernix; P. fossulatus ; P. tantalus ; P. nobilis; and P. sp. cf. P. fossulatus.

The facial and dental morphology of
“ Dinohippus ” leardi, from the Clarendonian portion of the Green

Valley Formation, indicates that this taxon represents a generically distinct clade that is the sister taxon to

the Dinohippus-Equus plus Onohippidium-Hippidion clades. “Dinohippus” interpolatus (= Pliobippus

bakeri), Dinohippus leidyanus, and “Dinohippus” mexicanus are regarded as successive sister taxa to

Equus, and together these taxa comprise the Dinohippus-Equus clade. The protohippines are tentatively

regarded as a monophyletic lineage of tribal rank that is the closest sister group to the Hipparionini. As

such, the protohippines are removed from the tribe Equini, subtribe Protohippina, and restored to the tribe

Protohippini.

INTRODUCTION

In recent years, many investigators of equid phy-

logeny have demonstrated the systematic utility of

cranial characters, in particular the morphology of

facial fossae, in elucidating the phylogenetic rela-

tionships of Neogene hypsodont horses (e.g., Skin-

ner and MacFadden, 1977; Bernor et ah, 1980;

Woodburne, 1989; MacFadden, 1984a, 1997; Hul-

bert, 1989; Kelly and Lander, 1988; Hulbert and

MacFadden, 1991; Kelly, 1995). Miocene horse

fossils from California are relatively common but

usually consist of teeth and isolated appendicular

elements. Only rarely are equid skulls found that

preserve the facial morphology. The vertebrate pa-

leontology collections of the Natural History Mu-
seum of Los Angeles County (LACM), the Museum
of Paleontology, University of California, Berkeley

(UCMP), and the University of California, River-

side (UCR) contain a limited number of mostly un-

described horse skulls from the middle Miocene of

California. Four early Barstovian crania from the

Barstow and Bopesta Formations were previously

referred to
“
Merycbippus ” stylodontus Merriam,

1919 (Bernor et al., 1980; Quinn, 1984; Kelly,

1995). Reevaluation of these skulls indicates that

this taxon belongs in the genus Acritobippus Kelly,

1995. In the early Clarendonian sample from the

upper part of the Mint Canyon Formation, Los An-
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geles County, are several lower dentitions and a

partial skull referable to Pliohippus Marsh, 1874.

The latter is the only equid fossil recovered from

the formation in which the facial morphology is

preserved. In the Clarendonian sample from the

Black Hawk Ranch Quarry (UCMPV-3310) of the

Green Valley Formation, Contra Costa County, are

two partial skulls and several lower dentitions of
“ Dinohippus ” leardi (Drescher, 1941). The two
Black Hawk Ranch skulls are the only known spec-

imens that preserve the facial morphology of “Di-

nohippus” leardi and allow a reassessment of the

systematic position of this taxon.

The purposes of this report are to: (1) provide

detailed descriptions and comparisons of the equid

cranial material from the Barstow, Bopesta, Mint
Canyon, and Green Valley Formations and (2) re-

view the phylogenetic relations of the Equini and

related horses.

METHODS

Measurements were taken with a vernier caliper to the

nearest 0.1 mm. All teeth were measured along their great-

est anteroposterior and transverse occlusal enamel dimen-

sions. Crown heights for unworn cheek teeth were mea-

sured at the mesostyle. Metric abbreviations follow stan-

dard usage. Dental terminology and dental formulae fol-

low Eisenmann et al. (1988). Because the occlusal patterns

of equid teeth are subject to ontogenetic variation, dental

comparisons between species were done at equal wear

stages. Wear stages for cheek teeth used in text are as

follows: (1) onset of wear refers to the period when the

crown is just beginning to wear; (2) very early wear refers



to the period after the onset of wear to just before the full

occlusal pattern is discernable (at this point the tooth re-

tains about 90% of its original crown height); (3) early

wear refers to the period from when enough wear has

occurred so that the full occlusal pattern is just discernable

(e.g., in the upper cheek teeth, when the posterior fossette

borders are complete or almost complete) until the tooth

retains about 75% of its original height; (4) moderate

wear refers to the period after early wear until the tooth

retains about 50% of its original height; (5) early late

wear refers to a period after moderate wear until the tooth

retains about 30% of its original height; and (6) late wear

refers to a period when the tooth retains less than 30%
of its original height. At times, more detailed statements

of wear are provided for teeth during the onset of wear

or very early wear stages. In these cases, the point at

which specific structures (e.g., metacone, hypocone, etc.)

begin to wear may be used to further refine these wear

stages.

Quinn (1955) divided the subfamily Equinae into four

tribes: Protohippini, Calippini, Hipparionini, and Equini.

Hulbert (1988a), Hulbert and MacFadden (1991), and

Kelly (1995) demonstrated that Protohippus Leidy, 1858,
“ Merycbippus ” intermontanus Merriam, 1915, and Cal-

ippus Matthew and Stirton, 1930, form a clade. These

taxa are herein referred to the Protohippini with the Cal-

ippini regarded as a junior synonym of Protohippini. The

Hipparionini (= Hippotheriina Bonaparte, 1850) includes

all taxa assigned to the tribe by Prothero and Schoch

(1989) plus Merycbippus Leidy, 1857, and certain other

“merychippine-grade” horses (Hulbert and MacFadden,

1991; Kelly, 1995; see below). The Equini includes certain

species assigned to
“

Pliobippus ” or
“

Dinohippus ” (see be-

low) and the following genera: Equus Linnaeus, 1758;

Hippidion Owen, 1869; Pliobippus; Onohippidium Mo-
reno, 1891; Astrohippus Stirton, 1940; Dinohippus

Quinn, 1955; Parapliohippus Kelly, 1995; and Hetero-

pliohippus Kelly, 1995. The terms protohippine, hippa-

rionine, and equine refer to members of tribes Protohip-

pini, Hipparionini, and Equini, respectively. The term

equid refers to members of the Equidae. Previously, many
species of mesodont equids with cement-covered cheek

teeth were referred to Merycbippus. However, Merycbip-

pus s. s. refers to a clade of hipparionine horses typified

by M. insignis Leidy, 1857 (Hulbert and MacFadden,

1991; Hulbert, 1993; Kelly, 1995). Species referred to

“ Merycbippus ” are regarded as plesions of generic rank

that cannot be assigned to any recognized monophyletic

equid genus without resulting in paraphyly. Species as-

signed to
“

Pliobippus ” or
“
Dinohippus ” refer to taxa that

exhibit certain morphological similarities to Pliobippus s.

s. or Dinohippus s. s., respectively, but cannot be assigned

to these genera without resulting in paraphyly. The term

“merychippine-grade” does not refer to any tribe or sub-

tribe but refers to a paraphyletic assemblage of species

that were traditionally grouped together based on an evo-

lutionary stage.

Cladistic analyses were performed using version 1.5 of

the Hennig86 program (Farris, 1988) and run on a 200

megahertz personal computer. Cladograms were generated

by explicit enumeration using the IE command, and strict

consensus trees were generated by using the NELSEN
command. The character states were treated as nonaddi-

tive and unweighted. Following Hulbert and MacFadden

(1991) and Kelly (1995),
“

Parahippus ” leonensis Sellards,

1916, was selected as the outgroup. The characters and

character states used in the cladistic analyses are presented

in Appendix C, and the character state matrices for the

taxa analyzed are presented in Appendices D and E.

Abbreviations are as follows:

A-P, greatest anteroposterior dimension;

d, deciduous;

DPOF, dorsal preorbital fossa;

D-V, dorsoventral;

INT, intertubercular crest (— intermediate tubercle) of

the proximal articular surface of the humerus;

L, left;

Ma, million years before present;

NALMA, North American Land Mammal Age;

PBL, preorbital bar length (distance between the orbit

and the DPOF);
PRL, greatest anteroposterior length of protocone;

PRW, greatest transverse width of protocone;

R, right;

ROC, radius of curvature;

s. L, sensu lato

;

s. s., sensu stricto;

TR, greatest transverse dimension;

UDL, F-P 2 diastema length;

UTRL, upper tooth row length (P 2-M 3 anteroposterior

length).

Institutional acronyms are as follows:

AMNH, American Museum of Natural History;

LACM, Natural History Museumof Los Angeles Coun-

ty;

LACM(CIT), California Institute of Technology, speci-

mens now housed at LACM;
RV-, University of California, Riverside, vertebrate

fossil locality;

TMM, Texas Memorial Museum;
UCMP, University of California, Museum of Paleontol-

ogy;

UCR, University of California, Riverside;

V-, UCMPvertebrate fossil locality.

GEOLOGICSETTINGS ANDOCCURRENCES
OF FOSSILS

BARSTOWFORMATION.The nonmarine Bar-

stow Formation is exposed north of the community
of Barstow, San Bernardino County, California.

Outcrops of the formation occur in the Gravel Hills

and extend southeastward and eastward across the

Mud Hills, Calico Mountains, Yermo (Toomey)

Hills, and Alvord Mountain (Byers, 1960; Wood-
burne et ah, 1982; Woodburne et ah, 1990). The
formation consists of about 1000 m of lacustrine

and fluvial deposits consisting of shale, mudstone,

claystone, sandstone, conglomerate, tuff, basalt,

and minor amounts of limestone (Woodburne and

Tedford, 1982; Woodburne et ah, 1982; Woodbur-
ne et ah, 1990). The highly fossiliferous Barstow

Formation has long been known for its diversity of

land mammal species (e.g., Merriam, 1919; Lewis,

1964, 1968; Lindsay, 1972; Woodburne and Ted-

ford, 1982; Woodburne et al., 1982; Lander, 1985;

Kelly and Lander, 1988; Woodburne et al., 1990;

Woodburne, 1996). Detailed accounts of the lith-

ostratigraphy, biostratigraphy, and geochronology

of the Barstow Formation have been provided re-

cently by Woodburne and Tedford (1982), Wood-
burne et al. (1982), MacFadden et al. 1990; Wood-
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burne et al. (1990), Woodburne and Swisher

(1995), and Woodburne (1996). Five faunas are

currently recognized from the Barstow Formation

(Woodburne et ah, 1990): the late Hemingfordian

Red Division and Rak Division Faunas, the early

Barstovian Green Hills and Second Division Fau-

nas, and the late Barstovian Barstow Fauna. Wood
et al. (1941) originally based the Barstovian North

American Land Mammal Age on the fauna from

the “fossiliferous tuff member” of the Barstow For-

mation, which is now referred to as the Barstow

Fauna and recognized as the youngest mammalian
assemblage from the formation (Tedford et al.,

1987). Currently, the Barstovian is divided into ear-

ly and late phases wherein the Barstow Fauna is

regarded as characterizing the late Barstovian (Ted-

ford et al., 1987).

Acritohippus stylodontus has been recorded in

the Green Hills Fauna, the Yermo Hills Local Fau-

na, and from exposures in the Spanish Canyon area

of Alvord Mountain (Woodburne and Tedford,

1982; Woodburne et al., 1990). Additional equid

species recorded from the Barstow formation in-

clude the following (Merriam, 1919; Woodburne
and Tedford, 1982; Quinn, 1984; Woodburne et

al., 1990): (1) Parapliohippus carrizoensis (Dough-

erty, 1940), which occurs in the Red Division Fau-

na, Yermo Hills Local Fauna, and the lower mem-
ber of the formation at Alvord Mountain; (2) “Mer-

ychippus ” intermontanus Merriam, 1915, which

occurs in the Second Division and Barstow Faunas;

(3)
“ Merychippus ” sumani Merriam, 1915, which

occurs in the Barstow Fauna; (4) Archaeohippus

mourningi (Merriam, 1913a), which occurs in the

Second Division Fauna; and (5) Megahippus
mckennai Tedford and Alf, 1962, which occurs in

the Barstow Fauna.

BOPESTAFORMATION. The nonmarine Bo-

pesta Formation is exposed in the Cache Peak area

of the southern Sierra Nevada Mountains, Kern

County, California. Quinn (1987) provided a de-

tailed account of the lithostratigraphy and biostra-

tigraphy of the Bopesta Formation. The formation

consists of about 640 m of fluvial and lacustrine

deposits consisting of shale, mudstone, siliceous

siltstone, tuff, sandstone, conglomerate, and brec-

cia (Quinn, 1987). The Bopesta Formation has

been long recognized for its mammalian faunas

(e.g., Buwalda, 1916; Woodburne, 1969; Munthe,

1979; Quinn, 1984, 1987; Kelly, 1992, 1995).

Based on equid biostratigraphy, Quinn (1987)

recognized three biozones in the Bopesta Forma-
tion: the

“
Merychippus ” carrizoensis ( = Paraplioh-

ippus carrizoensis) Range Zone, the
“ Merychippus

”

stylodontus (= Acritohippus stylodontus) Range
Zone, and the

“
Merychippus ” sp. cf. “M.” inter-

montanus Range Zone. The Acritohippus stylodon-

tus Range Zone is restricted to a stratigraphic level

of no more than 30.5 m(100 ft) within the Bopesta

Formation (Quinn, 1987). Quinn (1987) regards

the Acritohippus stylodontus Range Zone to be

earliest Barstovian in age and a correlative of the

Green Hills Fauna of the Barstow Formation. Oth-

er equid taxa recorded from the Bopesta Formation

include the following (Quinn, 1987; Kelly, 1995):

(1) from the Parapliohippus carrizonensis Range
Zone, Hypohippus sp.; (2) from the Acritohippus

stylodontus Range Zone, Hypohippus sp.; and (3)

from the
“ Merychippus ” sp. cf. “M.” intermontan-

us Range Zone,
“ Merychippus ” sp. cf. “M.” su-

mani, Merychippus hrevidontus Bode, 1934, Acri-

tohippus quinni Kelly, 1995, and Archaeohippus

sp. near A. ultimus (Cope, 1886).

MINT CANYONFORMATION. Outcrops of

the nonmarine Mint Canyon Formation occur

about 48 km north of Los Angeles along a broad

westward plunging syncline in the Soledad Basin

(Jahns, 1940; Ehlert, 1982). The formation is ex-

posed from Dry Canyon eastward to Soledad Can-

yon and southeastward to Reynier Canyon, with

the most complete exposures occurring between

San Francisquito and Mint Canyons (Jahns, 1940;

Ehlert, 1982). The Mint Canyon Formation was
first described by Hershey (1902). The first verte-

brate fossils from the formation were discovered by

Kew (1923) during a reconnaissance geologic map-
ping of the area. Maxson (1930), Stirton (1939),

Jahns (1940), and Durham et al. (1954) described

the mammalian faunas, and Jahns (1940), Oake-

shott (1958), Woodburne (1975), and Ehlert (1982)

discussed the lithostratigraphy and biostratigraphy

of the formation. It is about 1230 mthick and com-
posed of lacustrine and fluvial deposits consisting

of siltstone, claystone, shale, sandstone, and con-

glomerate (Jahns, 1940; Ehlert, 1982). The Mint
Canyon Formation is middle Miocene in age with

a late Barstovian fauna from the lower part of the

formation and an early Clarendonian fauna from

the upper part of the formation (Durham et al.,

1954). The Pliohippus specimens were recovered

from the upper part of the formation and are early

Clarendonian in age. Additional equid taxa recov-

ered from the Mint Canyon Formation include

Hipparion mohavense Merriam, 1915 (= Cormo-
hipparion occidental [Leidy, 1856], sensu Mac-
Fadden, 1984a) from the upper (early Clarendoni-

an) part of the formation and Archaeohippus

mourningi, “ Merychippus ” sumani, and “ Mery-

chippus ” intermontanus from the lower (late Bar-

stovian) part of the formation (Maxson, 1930;

Jahns, 1940; Durham et al., 1954).

GREENVALLEY FORMATION.The nonmar-

ine Green Valley Formation is exposed in Green

Valley and along the southwest slope of Mount
Diablo, Contra Costa County, California (Condit,

1938; Richey, 1948; Savage, 1955). It consists of

about 1370 m of mudstone, sandstone, and con-

glomerate with many of the beds tuffaceous (Sav-

age, 1955). The “ Dinohippus ” leardi specimens de-

scribed herein were recovered from the Black Hawk
Ranch Quarry (UCMP V-3310), which occurs in

the lower part of the Green Valley Formation

(Richey, 1948; Savage, 1955). The quarry has yield-

ed the Black Hawk Ranch Local Fauna of Claren-
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donian age (Stirton, 1939; Savage, 1955; Tedford

et al., 1987). The Black Hawk Ranch Local Fauna

is the type fauna of the Montediablan Stage of the

Clarendonian, which has been traditionally regard-

ed as late Clarendonian (late Miocene) in age (Sav-

age, 1955; Tedford et al., 1987). However, new pa-

leomagnetic data (Donald Prothero, pers. com-

mun., 1997) indicate that the Black Hawk Ranch
Local Fauna occurs in magnetic Chron C5r of the

Magnetic Polarity Time Scale of Berggren et al.

(1995), which is dated from about 11.0 to 11.9

Ma. These new data indicate that the Black Hawk
Ranch Local Fauna is “early” Clarendonian (mid-

dle Miocene) in age. The only other equid recorded

in the Black Hawk Ranch Local Fauna is the three-

toed horse, Hipparion forcei Richey, 1948. Strati-

graphically below the Black Hawk Ranch Quarry,

the early Clarendonian Sycamore Creek Fauna has

been recovered from localities in the lowermost

part of the Green Valley Formation and in the in-

terfingering marine San Pablo Formation (Richey,

1948; Savage, 1955; Tedford et al., 1987). The hip-

parionines Hipparion tehonense (Merriam, 1916)

and Neohipparion trampasense (Edwards, 1982)

are recorded in the Sycamore Creek Fauna (Ed-

wards, 1982; MacFadden, 1984a; Tedford et al.,

1987).

SYSTEMATICPALEONTOLOGY

Class Mammalia Linnaeus, 1758

Order Perissodactyla Owen, 1848

Family Equidae Gray, 1821

Subfamily Equinae Gray, 1821

Genus Acritohippus Kelly, 1995

Table 1

TYPE SPECIES. A. isonesus (Cope, 1889).

REFERREDSPECIES. A. tertius (Osborn, 1918);

A. stylodontus (Merriam, 1919), new combination

(see below, previously referred to Merychippus ); A.

quinni Kelly, 1995.

AGE ANDDISTRIBUTION. Late Hemingfor-

dian to late Barstovian of North America.

EMENDEDDIAGNOSIS. Modified from Kelly

(1995), asterisk indicates change. Acritohippus is

distinguished from all other Neogene horses by

having the following suite of characters: (1) frontal

bones flat; (2) facial crest dorsoventrally com-

pressed; (3) DPOF shape oval, depth shallow to

deep (5 to >15 mm), anterior margin confluent

with face, ventral margin lacking a pronounced

rim, posterior margin with distinct rim, and pos-

terior pocket shallow or absent; (4) malar fossa

shallow in depth (* ratio of fossa depth to UTRL =

0.03-0.06) and confluent with DPOF, that is, malar

fossa and DPOFonly separated posteriorly by low,

indistinct ridge; (5) relative PBL very narrow (ratio

of PBL to UTRLabout 0.05); (6) muzzle width rel-

ative to UTRL broad (>36%); (7) relative muzzle

length short to moderate (UDL = 32-45% of

UTRL); (8) cement layer thin on deciduous pre-

molars and thick on permanent cheek teeth; (9) P3-

M2 protocone occlusal outlines oval (ratio of PRL
to PRW= 1. 2-2.0); (10) P2-M 2 protocones con-

nect with protolophs in early to early moderate

wear; (11) upper cheek teeth metastyles common
but not well developed; (12) M1-2 protocones con-

nect with hypocones in late wear; (13) P2 anteros-

tyle large; (14) *P 2-M 3 plis caballin weakly to mod-
erately developed, single, and vary from relatively

nonpersistent to relatively persistent (worn away in

early to moderate wear); (15) P2-M 3 external and

internal fossette plications simple and relatively

nonpersistent; (16) P2-M 3 hypoconal grooves close

in moderate to early late wear; (17) P3-M 2 hypo-

conal lakes do not usually form with closure of hy-

poconal grooves; (18) dP
3

very rarely present, ves-

tigial if present; (19) dP3^ and P
3-M 3 protostylids

absent or may be present only near base of crowns

as anterior cingulids; (20) dP3^ and P3-M 3 meta-

conids and metastylids well separated only in very

early to early wear; (21) P2 ectoflexid moderately

deep in early to early moderate wear, partially pen-

etrates isthmus between metaconid and metastylid;

(22) P3^ ectoflexids deep in early to early moderate

wear, completely penetrating isthmuses between

metaconids and metastylids; (23) P3^ metastylids

and metaconids equal or subequal in size and M3_3

metastylids and metaconids equal or subequal in

size and position of their lingual borders; and (24)

feet tridactyl. Also see Table 1 for comparison to

other genera.

DISCUSSION. For many years, most investiga-

tors recognized that many equid species that were

originally assigned to the genus Merychippus ac-

tually represent other genera (e.g., Skinner et al.,

1977; Bernor et al., 1980; Woodburne et al., 1982;

MacFadden, 1984a; Quinn, 1987; Hulbert, 1989;

Kelly and Lander, 1988; Kelly, 1995). Based on cra-

nial and dental morphology, Hulbert (1989) and

Kelly and Lander (1988) recognized that
“ Mery-

chippus ” isonesus and
“ Merychippus ” tertius rep-

resent a monophyletic lineage that is generically

distinct from Merychippus s. s. Downs (1956) con-

sidered “M.” isonesus as a junior synonym of “Mer-

ychippus ” seversus (= Stylonus seversus Cope,

1879). Accepting Down’s (1956) synonymy, Kelly

and Lander (1988) referred “M.” isonesus and

“M.” tertius to Stylonus. However, Hulbert and

MacFadden (1991) and Kelly (1995) noted that

Stylonus seversus represents a different species from

“M.” isonesus and rejected their synonymy. Fur-

thermore, Kelly (1995) regarded the holotype of S.

seversus, an isolated upper molar (AMNH 8180),

as specifically indeterminate and concluded that S.

seversus is a nomen dubium. Because of the inva-

lidity of its type species, Kelly (1995) also conclud-

ed that Stylonus is a nomen dubium. Kelly (1995)

then erected the genus Acritohippus and referred

“M.” isonesus, “M.” tertius, and a new species, A.

quinni, to the genus. Reevaluation of the cranial
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and dental morphology of
“ Merychippus ” stylo-

dontus (see below) indicates that it is also referable

to Acritohippus.

Interpretations of the phylogenetic relations of

Acritohippus to the tribes Equini and Hipparionini

have been controversial. Hulbert (1989) and Hul-

bert and MacFadden (1991) suggested that it was
more closely related to the Hipparionini than the

Equini. Kelly (1995) inferred that the genus repre-

sents an unnamed clade of tribal rank more closely

related to the Equini than the Hipparionini. The
cladistic analysis presented below indicates that Ac-

ritohippus represents a clade that is the closest sis-

ter group to the Equini.

Acritohippus stylodontus (Merriam, 1919),

new combination

Figures 1-2, Tables 2-3

Merychippus calamarius stylodontus : Merriam,

1919:505, fig. 43 (in part).

Merychippus
(
Merychippus

)
calamarius stylodon-

tus: Stirton, 1940:181.

Merychippus stylodontus: Lewis, 1968:79.
“ Merychippus ” stylodontus: Bernor et al., 1980:

711, fig. 2 (in part); Woodburne and Tedford,

1982:122; Woodburne et al., 1982:86, 89, 93;

Lander, 1985:135-136, 138, 140-141; Quinn,

1987:23, 25-27, table 1; Hulbert, 1989:fig. 11.2,

tables 11.1-2; 1993:fig. 1; Woodburne, et al.,

1990:471; Hulbert and MacFadden, 1991:52,

figs. 13, 17; Kelly, 1995:14-16, figs. 6-8.

“ Pliohippus ” sp. aff. “P.” stylodontus: Quinn,

1984:180-198, figs. 43-47, tables 5a-b (in part).

Stylonus stylodontus: Kelly and Lander, 1988:4;

1992:3, appendix 1.

Pliohippus stylodontus: Evander, 1997:67-73, fig. 4.

HOLOTYPE. R M12 (originally identified by

Merriam [1919, p. 505] as R M2-3
;

however, Evan-

der [1997, p. 70] identified as R M1 - 2
), UCMP

21410.

TYPE LOCALITY. UCMPV-2057, Mud Hills,

Barstow Formation, San Bernardino County, Cali-

fornia.

EMENDEDDIAGNOSIS. Differs from Acrito-

hippus tertius, A. isonesus, and A. quinni by having

the following characteristics: (1) larger size (mean

UTRL = 134 mm); (2) relative depth of malar fossa

greater (ratio of depth to UTRL = 0.06); (3) upper

cheek teeth with slightly less complex fossette pli-

cations; (4) P2-M ] protocones connect with proto-

lophs in earlier wear stage (before M3 begins to

wear); (5) P2-M 2
plis caballin less persistent, usu-

ally worn away when M3 in onset of wear (specif-

ically, when M3 metaloph and hypocone beginning

to wear). Further differs from A. tertius by having

the following characteristics: (1) cheek teeth higher

crowned; (2) upper cheek teeth with less curvature;

and (3) upper molar protocones slightly more an-

teroposteriorly elongated. Further differs from A.

isonesus and A. quinni by having P2-M J hypoconal

grooves worn away at earlier wear stage (when M3

in onset of wear). Further differs from A. quinni by

having the following characteristics: (1) relative

muzzle length longer (UDL = 40-45% of UTRL);
and (2) DPOFnot pocketed posteriorly. Also see

Table 2 for comparison of species.

AGEANDDISTRIBUTION. Early to early late

Barstovian, southern California, and early Barsto-

vian of Montana (Anceny Local Fauna, see Evan-

der, 1996).

REFERREDSPECIMENS. From Barstow For-

mation: skull with R and L T-M 3
,

and associated

mandible with R and L l!“M 3 ,
UCR14057 (from

locality RV-6135, Alvord Mountain). From Bopesta

Formation: skull, mandible, and partial skeleton,

LACM(CIT) 15293 (from locality LACM[CIT]
517); partial skull with R I

2-3
,

partial R upper ca-

nine, partial R P2-3
,

R P3-M 3
,

and L I
2-3

,
partial L

upper canine, partial L dP1-2
,

L P3-M 3
,

UCMP
22254 (from UCMPV-2735); partial skull with

partial R P4-M 2
,
R M3

,
L P2~3

,
partial L V4-M\ L

M3
,

and associated appendicular elements, UCR
20854 (from RV-8237).

DESCRIPTION. Quinn (1984) and Evander

(1997) provided detailed descriptions of the cranial

and dental morphology of Acritohippus stylodontus.

The following description is a consensus of the mor-

phology of the referred material and includes many
of Quinn’s (1984) and Evander’s (1997) observations

plus additional observations made by the author.

The skull is characterized by its facial morphology

(Fig. 1). The nasal notch extends posteriorly to a

point dorsal to about the center of the C-P 2 diaste-

ma. The frontal bones are flat, and the sagittal and

lamboidal crests are distinct. The facial crest is dor-

soventrally compressed. The DPOF is an oval de-

pression situated primarily on the lacrimal bone with

its dorsal margin along the nasal bone. The depth of

the DPOFvaries from 13.3 to 17.2 mmrelative to

the surface of the face, resulting in a shallow relative

depth (ratio of the mean perpendicular depth of the

DPOF to the mean URTL = 0.11). The height of

the DPOF(D-V height measured at the center of the

fossa) varies from 28.8 to 37.6 mm, and the antero-

posterior length varies from 96.7 to 102 mm. The

DPOFexhibits the following characteristics: (1) the

anterior margin is confluent with the surface of the

face; (2) the dorsal margin is a distinct, rounded

ridge; (3) the posterior margin is distinctly rimmed

with no posterior pocket; and (4) the DPOFis con-

fluent ventrally with the malar fossa, that is, the fos-

sae are only separated posteriorly by a weak, low

ridge of bone. The malar fossa is a distinct depres-

sion that is situated primarily on the malar bone but

also extends onto the lacrimal and maxilla. The

depth of the malar fossa relative to the surface of

the face varies from 7.0 to 10.5 mm, with a mean
of 8.5 mm. The greatest D-V height of the malar

fossa varies from 21.6 to 28.4 mmand the A-P

length varies from 36.0 to 37.2 mm. The anterior

margin of the malar fossa is confluent with the sur-

face of the face, whereas the posterior and ventral

margins are distinct. The malar fossa lacks a poste-
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Figure 1. Acritohippus stylodontus from Barstow Formation, California. A, skull, cast of UCR14057, lateral view. B,

closeup of facial fossae, cast of UCR14057, anterior left. Bar scales = 20 mm.

rior pocket. The buccinator fossa forms a moderate

depression on the anterior aspect of the maxilla. The
preorbital bar length is very narrow, varying from
7.2 to 9.6 mm, with a mean of about 8.0 mm. The
infraorbital foramen is positioned dorsally above the

middle of the P4
. The muzzle is moderately elongated

(relative muzzle length = 40-45% of UTRL).

The upper cheek teeth (Fig. 2; also see Evander,

1997, fig. 4) are characterized by having the follow-

ing: (1) the P2-M 2 are strongly curved (ROC <40
mm); (2) the crown height of unworn or little worn
molars varies from about 35-38 mm; (3) the ce-

ment on the permanent teeth is thick; (4) the dP 1
is

always present and moderate in size; (5) the P3-M2

Contributions in Science, Number 473 Kelly: Miocene Horses of California 7
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Figure 2. Acritobippus stylodontus from Barstow and Bopesta Formations, California. A, L P2-M 3

,
cast of UCR14057.

B, L P2-M 3
,

LACM(CIT) 15293. C, L P2-M 3 ,
LACM(CIT) 15293. All occlusal views, bar scales = 10 mm.
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Table 2. Comparison of selected characters for species of Acritohippus. See methods for definitions of wear stages and

Appendix C for characters.

A. tertius A. isonesus A. quinni A. stylodontus

Relative depth of DPOF 0.07 0.08 0.12 0.11

(ratio of depth to

UTRL)

DPOFposterior pocket absent absent to shallow

(0-3 mm)
moderately deep (6-

8 mm)
absent

Relative depth of malar 0.03 0.04 0.04 0.06

fossa (ratio of depth to

UTRL)

Relative muzzle length 40-45% 40-45% 32% 40-45%

(UDL %of UTRL)

Mean UTRL 111 mm 112 mm 127 mm 134 mm
M1-2 unworn crown ~30 mm —35mm —35mm —38mm

height

Mean ROC —30mm —35mm —45mm —35mm
P2-3 protocones connect to when M3 metacone when M3 metacone when M3 hypocone before M3

is worn

protolophs beginning to wear beginning to wear beginning to wear

M1 protocone connects to when M3 metacone when M3 metacone when M3 hypocone before M3
is worn

protoloph beginning to wear beginning to wear beginning to wear

M3 protocone connects to when M3 hypocone when M3 hypocone when M3 in early when M3 hypocone

protoloph beginning to wear beginning to wear wear beginning to wear

P2-M 2 plis caballin usually worn away usually worn away usually worn away usually worn away

when M3 in early when M3 in early when M3 in early when M3 meta-

moderate to mod- moderate to mod- moderate to mod- loph and hypo-

erate wear erate wear erate wear cone beginning to

wear

P2-3 hypoconal groove usually worn away usually worn away usually worn away usually worn away

when M3 hypo- when M3 in early when M3 in early when M3 hypo-

cone beginning to

wear

wear wear cone beginning to

wear

M1 hypoconal groove usually worn away usually worn away usually worn away usually worn away

when M3 hypo- when M3 in early when M3 in early when M3 hypo-

cone beginning to

wear

wear moderate wear cone beginning

wear

protocone occlusal outlines are oval (ratio of PRL
to PRW= 1. 2-2.0), and very small protoconal

spurs may be present during the onset of wear; (6)

the P3-M 2 protocones connect with the protolophs

in early wear (e.g., the P3-M ! protocones become
connected to the protolophs shortly before the M3

begins to wear); (7) the P3-M 2 hypoconal grooves

close in moderate wear, and hypoconal lakes do not

usually form with closure; (8) the M1-2 protocones

connect with the hypocones only in late to very late

wear; (9) the P3-M 3 plis caballin are usually present

but are small and worn away in early moderate

wear; (10) the P3-M 3 internal fossette plications are

very simple (the pli protoconule and the pli prefos-

sette are usually single) and nonpersistent (worn

away in early to moderate wear); and (11) the P3-

M3 external fossette plications are very simple (the

pli protoloph is usually absent and pli hypostyle a

very weak fold) and nonpersistent (worn away in

early wear). Measurements of the superior denti-

tion are presented in Table 3.

The lower cheek teeth (Fig. 2; also see Evander,

1997, fig. 4) are characterized by having the follow-

ing: (1) the P2-M 3 metaconids and metastylids are

only well separated in early wear and are equal or

subequal in size and position of their lingual bor-

ders; (2) the preflexid and postflexids have simple

occlusal outlines and, with wear, become widely

separated and shallow; and (3) the P2-M 3 ectoflex-

ids penetrate the isthmuses between the metaconids

and metastylids in early to early moderate wear but

retreat labially in moderate to late wear.

The associated appendicular elements of LACM
15293 demonstrate that the feet of Acritohippus

stylodontus were tridactyl. Although tridactyl,

Quinn (1984) noted that the lateral digits of the

manus and pes of A. stylodontus are reduced with

the second and fourth ungual phalanges not de-

scending beyond the distal condyles of the third

proximal phalanx.

DISCUSSION. Merriam (1919) named Mery-

chippus calamarius stylodontus based on two upper

molars from the Barstow Formation at Mud Hills.

Merriam (1919) also assigned additional material

Contributions in Science, Number 473 Kelly: Miocene Horses of California 9



Table 3. Summary of dental measurements (in mm) of

cranial specimens of Acritohippus stylodontus from Bo-

pesta and Barstow Formations. Abbreviations are: N,

number of specimens; SD, standard deviation; CV, coef-

ficient of variation.

Position/

dimension N
Observed

range Mean SD CV

dP 1 A-P 3 12.3-13.4 12.9 - -

dP 1 TR 4 6.2-9.0 7.6 - -

P2 A-P 6 27.1-30.5 28.4 1.26 4.4

P2 TR 5 21.9-24.1 23.0 0.95 4.1

P3 A-P 6 22.0-24.5 23.3 0.98 4.2

P3 TR 6 25.8-29.6 27.1 1.26 4.7

P4 A-P 5 22.4-25.7 24.4 1.12 4.6

P4 TR 5 26.6-29.9 27.7 1.28 4.6

M1 A-P 7 20.0-26.9 22.5 2.15 9.6

M1 TR 7 21.4-27.6 24.3 2.44 10.0

M2 A-P 6 20.2-26.7 23.1 2.01 9.1

M2 TR 7 21.7-2 7.6 25.4 2.12 8.3

M3 A-P 6 21.8-24.6 23.4 1.07 4.5

M3 TR 6 22.6-26.0 24.2 1.35 5.6

P J -M 3 A-P 3 141.2-147.9 144.6 - -

UTRL 6 126.2-139.8 134.4 5.55 4.3

P2^ A-P 6 67.9-72.2 73.8 3.30 4.5

M1 - 3 A-P 6 61.0-67.8 65.1 2.46 3.8

from the Barstow Formation to his new subspecies,

including two skulls (UCMP 20039 and 21386).

The species M. calamarius was originally described

by Cope (1875) from New Mexico. Bernor et al.

(1980) and Quinn (1984) clearly demonstrated that

one of the skulls, UCMP20039, is actually refer-

able to another species from the Barstow Forma-

tion,
“
Merychippus ” intermontanus. Most recent

investigators have recognized that M. calamarius

stylodontus is generically and specifically distinct

from Merychippus calamarius (Cope, 1875) and

have referred it to
“
Merychippus ” stylodontus (e.g.,

Bernor et al., 1980; Woodburne and Tedford, 1982;

Woodburne et al., 1982; Lander, 1985; Quinn,

1987; Hulbert, 1989; Woodburne et al., 1990; Hul-

bert and MacFadden, 1991; Kelly, 1995).

Bernor et al. (1980) first noted morphological

similarities between “ Merychippus ” stylodontus

from the Barstow Formation and a then unnamed
species from the Caliente Formation, which they

referred to
“
Merychippus ” sp. cf. “M.” stylodontus

(= Acritohippus quinni Kelly, 1995). Quinn (1984)

regarded “AL” stylodontus and the Caliente species

to be more closely related to Pliohippus and re-

ferred both species to Pliohippus s. L Contrary to

Bernor et al. (1980) and Kelly and Lander (1988),

Hulbert (1989) and Kelly (1995) incorrectly stated

that the DPOFand malar fossa of “M.” stylodontus

are well separated. In “M.” stylodontus, a DPOF
and malar fossa are present with the fossae conflu-

ent, that is, they are only separated posteriorly by

a low, indistinct ridge of bone. Based on facial and

dental morphology, Kelly and Lander (1988) con-

cluded that “M.” stylodontus, the Caliente species,
“ Merychippus ” tertius, and “

Merychippus ” isone-

sus represent a generically distinct clade. Hulbert

(1989), Hulbert and MacFadden (1991), and Kelly

(1995) grouped “M.” tertius and “M.” isonesus in

a clade but did not include “M.” stylodontus within

this clade. As noted above, Kelly (1995) erected the

genus Acritohippus for this clade and designated A.

isonesus as its type species. Based on cladistic anal-

yses, Hulbert (1989, 1993), Hulbert and Mac-
Fadden (1991), and Kelly (1995) regarded “M.”
stylodontus as the closest sister taxon to Paraplio-

hippus plus the Pliohippus, Astrohippus, Dinohip-

pus-Equus, and Onohippidium-Hippidion clades.

Although Hulbert (1989) and Kelly (1995) clearly

demonstrated that “M.” stylodontus was not refer-

able to Pliohippus s. s. and Parapliohippus, they

failed to note the similarity of its facial fossae and
dental morphology with species of Acritohippus.

Evander (1997) referred “M.” stylodontus to Plio-

hippus based on two putative shared derived char-

acter states; however, these character states do not

represent autapomorphies for Pliohippus s. s. (see

discussion of Pliohippus below). The facial and
dental characteristics of “M.” stylodontus agree

well with the diagnostic characters that Kelly

(1995) used to define Acritohippus. Therefore,

“M.” stylodontus is herein referred to Acritohippus

stylodontus (new combination).

Another skull (UCMP21386) from the Barstow

Formation, previously assigned to Merychippus cal-

amarius stylodontus by Merriam (1919), “Mery-

chippus ” stylodontus by Bernor et al. (1980), and

“ Pliohippus ” aff. “P.” stylodontus by Quinn

(1984), exhibits the typical facial fossae morphol-

ogy of Acritohippus. The dentition of UCMP
21386 is badly damaged and very worn. Quinn

(1984) noted that the upper molars of UCMP
21386 are notably smaller than those of the holo-

type of Acritohippus stylodontus but suggested that

it may represent an old, aberrant individual. Quinn

(1984) further noted that the locality data for the

holotype of A. stylodontus and UCMP21386 are

too inadequate to determine their stratigraphic po-

sitions within the Barstow Formation at Mud Hills.

Woodburne et al. (1990) reported that A. stylodon-

tus occurs in the early Barstovian Green Hills Fau-

na from the upper part of the middle member of

the Barstow Formation at Mud Hills. The facial

morphology of UCMP21386 indicates that it is

referable to Acritohippus. The well-worn and dam-
aged condition of the dentition of UCMP21386
makes specific diagnosis difficult. In size, UCMP
21386 is most similar to Acritohippus isonesus.

However, the facial morphology of UCMP21386
is more similar to that of A. stylodontus and differs

from that of A. isonesus by having greater relative

depths of the DPOFand malar fossa. The taxonom-

ic status of UCMP21386 could be explained by

any of the following scenarios: (1) UCMP21386
represents a distinct species that is closely related

to A. stylodontus; (2) UCMP21386 is a represen-
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tative of A. stylodontus but differs from the holo-

type because it belongs to a chronologically older

or younger population whose members are smaller

than the population represented by the holotype; or

(3) UCMP21386 represents an aberrantly small

specimen of A. stylodontus. Because of these dif-

ferent possibilities, a confident taxonomic assign-

ment of UCMP21386 cannot be made until a

much larger sample of crania of A. stylodontus

from different stratigraphic levels within the Bar-

stow Formation at Mud Hills is available for com-

parison. Therefore, UCMP21386 is herein referred

to Acritohippus sp. cf. A. stylodontus.

Tribe Equini Quinn, 1955

Genus Pliohippus Marsh, 1874
Table 1

TYPE SPECIES. P. pernix Marsh, 1874.

REFERREDSPECIES. P. mirabilis (Leidy, 1858);

P. fossulatus (Cope, 1893); P. tantalus Merriam,

1913b; P. nobilis Osborn, 1918; P. sp. cf. P. fos-

sulatus (see below).

AGEANDDISTRIBUTION. Late Barstovian to

early Hemphillian of North America.

EMENDEDDIAGNOSIS. Pliohippus is distin-

guished from all other Neogene horses by having

the following suite of characters: (1) DPOFwell

developed (ratio of mean depth to mean UTRL
>0.12), distinctly rimmed dorsally and posteriorly,

pocketed posteriorly, and well separated ventrally

from malar fossa by distinct ridge of bone; (2) ma-
lar fossa well developed (ratio of greatest mean
depth to mean UTRL >0.10), simple to complex

in structure, and pocketed posteriorly; (3) preorbit-

al bar length moderate (ratio of mean PBL to mean
UTRL = 0.10-0.18); (4) relative muzzle length

moderate (UDL = 40-55% of UTRL); (5) infra-

orbital foramen positioned over posterior half of P4

to anterior half of M1

; (6) cement thick on decid-

uous and permanent cheek teeth; (7) hypsodont

cheek teeth (unworn MVM, crown height >50
mm); (8) moderate reduction of dP 1 (ratio of dP 1

A-P length to P2 A-P length about 0.30); (9) strong-

ly curved upper cheek teeth (ROC <40 mm); (10)

P2-M 3 internal and external fossette plications very

simple and nonpersistent (commonly worn away in

early moderate to moderate wear); (11) P2-M 3 plis

caballin absent or single and nonpersistent (worn

away in early moderate to moderate wear); (12) P2-

M3 protocones connect with protolophs during the

onset of wear; (13) M1-2 protocones connect with

hypocones prior to late wear; (14) P2-M 2 hypocon-
al grooves close in early wear; (15) P2-M 2 hypo-

conal lakes commonly formed with closure of hy-

poconal grooves; (16) P2-M 3 preflexid and post-

flexid enamel borders simple; (17) P2_4 ectoflexid

depths moderate in early to early moderate wear,

only partially penetrating isthmuses between me-
taconids and metastylids; (18) dP3_4 and P2-M 3 lack

protostylids; (19) M1-3 ectoflexid depths deep, com-
pletely penetrating isthmuses between metaconids

and metastylids; (20) P2^ metaconids equal or sub-

equal in size and position; and (21) M1-3 metastyl-

ids notably smaller and positioned more labially

than metaconids. Also see Table 1 for comparison

to other genera.

DISCUSSION. The type species of Pliohippus is

P. pernix Marsh, 1874, from the early Clarendon-

ian Minnechaduza Fauna of Nebraska (Osborn,

1918; Stirton, 1940; Webb, 1969). Hulbert (1989,

1993), Hulbert and MacFadden (1991), and Kelly

(1995) regarded Pliohippus s. s. as being typified

by a monophyletic lineage comprising P. mirabilis

(Leidy, 1858), P. pernix, and P. nobilis Osborn,

1918. They consider these species to represent a

single lineage, wherein the middle to late Barsto-

vian P. mirabilis gave rise by anagenetic speciation

to the Clarendonian P. pernix, which then gave rise

to the early Hemphillian P. nobilis. Based on the

cladistic analyses of Kelly (1995) and the analyses

presented below, Pliohippus s. s. is regarded as a

monophyletic lineage that is the closest sister group

to the
“

Pliohippus ” tehonensis-Heteropliohippus

clade plus the Astrohippus, “ Dinohippus ” leardi,

Dinohippus-Equus, and Onohippidium-Hippidion

clades.

The following discussion of the species of Plio-

hippus relies heavily on the cladistic analysis pres-

ent herein, the cladistic analyses presented by Hul-

bert (1989), Hulbert and MacFadden (1991), and

Kelly (1995), prior published accounts, and exam-

ination of specimens housed in vertebrate paleon-

tology collections of the LACM, UCMP,and UCR.
It should be regarded as tentative until the complete

hypodigm of each species can be compared (i.e.,

those in the Frick Collection at the American Mu-
seum of Natural History and other pertinent col-

lections).

Although many equid species were at times as-

signed to Pliohippus (Appendix A), only five named
species are currently recognized (Winans, 1985;

MacFadden, 1984b; Azzaroli, 1988, Hulbert,

1993; Kelly, 1995): P. mirabilis; P. pernix; P. nobi-

lis; P. tantalus Merriam, 1913b; and P. fossulatus

(Cope, 1893). An additional unnamed species,

herein referred to as P. sp. cf. P. fossulatus (see be-

low), is provisionally added to this group. Junior

synonyms of the recognized species of Pliohippus

along with species assigned a nomen dubium status

are listed in Appendix B.

Evander (1996, 1997) recently transferred Para-

pliohippus carrizonensis and
“
Merycbippus ” stylo-

dontus to Pliohippus based on the fact that both

species possess a malar fossa and lack precingulids

on the lower cheek teeth, which he regarded as de-

rived characters shared with Pliohippus. Evander

(1997) recognized at least three valid species of

Pliohippus: P. mirabilis, P. pernix, and P. nobilis.

Although not accompanied by a phylogenetic anal-

ysis, Evander (1997, p. 76) stated that “my own
phylogenetic analysis suggests that these three spe-

cies appear as a succession of outgroups to the core

Astrobippus-Hippidion-Dinohippus-Equus clade.”
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Evander (1997, p. 76) further stated that “as long

as more than one species is recognized in the genus,

Pliohippus seems condemned to paraphyletic sta-

tus.” In addition to Parapliohippus carrizoensis,

“Merychippus” stylodontus, and species of Pliohip-

pus, a malar fossa is also present in
“

Dinohippus
”

leardi, Acritohippus, Astrohippus, Heteropliohip-

pus, and early representatives of Onohippidium

(MacFadden, 1984b, 1997; Hulbert and Mac-
Fadden, 1991; Kelly, 1995). Thus, the presence of

a malar fossa cannot be regarded as an autapo-

morphy for Pliohippus s. s. In fact, the cladistic

analyses presented herein and those of Kelly (1995)

indicate that the presence of a malar fossa is a syn-

apomorphy for Acritohippus plus the Equini and,

as such, would be a plesiomorphy for the Equini.

Similarly, the absence of precingulids on the lower

cheek teeth is observed in species of Acritohippus,

Dinohippus, and Equus (although some species of

Equus exhibit a reversal) and cannot be regarded

as an autapomorphy for Pliohippus s. s. Therefore,

the two putative derived character states that Evan-

der (1997) used as a basis for transferal of
“
Mery-

chippus ” stylodontus and Parapliohippus carri-

zoensis to Pliohippus do not hold up to closer scru-

tiny. Furthermore, Evander (1996, 1997) failed to

address a number of synapomorphies exhibited by

species of Pliohippus that are lacking in Paraplioh-

ippus carizzoensis and “ Merychippus ” stylodontus

(Hulbert, 1989; Hulbert and MacFadden, 1991;

Kelly, 1995).

Species of Pliohippus s. s. are derived relative to

Parapliohippus carrizoensis by having the follow-

ing hypothesized synapomorphies: (1) the relative

preorbital bar length is longer (ratio of PBL to

UTRL 0.10 —0.20); (2) the relative muzzle length

is shorter (UDL - 40-55% of UTRL); (3) the in-

fraorbital foramen is positioned further posteriorly,

over the posterior half of P4 to the anterior half of

M1

; (4) the cement on the deciduous premolars and

permanent cheek teeth is thicker; (5) the M1-2 pro-

tocones connect with the hypocones prior to late

wear stage resulting in early closure of the postpro-

toconal valleys; (6) the P2-M 2 hypoconal grooves

close in an earlier wear stage; (7) M1-2 hypoconal

lakes commonly form with closure of the hypocon-

al grooves; (8) the dP! is very rarely present with

permanent dentition, vestigial if present; (9) the P3^
ectoflexid depths are shallower in early to early

moderate wear, only partially penetrating the isth-

muses between the metaconids and metastylids;

(10) larger size (UTRL >140 mm); and (11) the

cheek teeth are higher crowned (crown height ^50
mm). Parapliohippus carrizoensis can be further

distinguished from Pliohippus s. s. by having the

following apomorphies (Kelly, 1995): (1) extensive

posterior development of the DPOFwith the ante-

rior aspect of the lacrimal bone reduced; (2) a very

narrow relative preorbital bar length (ratio of PBL
to UTRL about 0.05); (3) the protolophs and me-

talophs remain separate until the teeth are more

than 50% worn; and (4) very small size (UTRL =
90-100 mm).

Species of Pliohippus s. s. are derived relative to
“
Merychippus ” stylodontus by having the follow-

ing hypothesized synapomorphies: (1) the DPOF
and malar fossa are well separated by a distinct

ridge of bone; (2) the malar fossa is deep (ratio of

depth to UTRL >0.10) and pocketed posteriorly;

(3) the relative preorbital bar length is moderate

(ratio of PBL to URTL 0.10-0.18); (4) the infra-

orbital foramen is positioned posteriorly, over the

posterior half of P4 to the anterior half of M1

; (5)

the cheek teeth are higher crowned (unworn M1

crown height >50 mm); (6) the cement on the de-

ciduous premolars and permanent cheek teeth is

thick; (7) the P2-M 2 protocones connect to the pro-

tolophs immediately upon the onset of wear; (8) the

M12 protocones connect with the hypocones prior

to late wear; (9) the P2-M 2 hypoconal grooves close

in early wear; (10) the P2-M 2 hypoconal grooves

usually form enamel lakes when they close; ( 1 1 )
the

P3 ^4 ectoflexid depths are moderately deep in early

to early moderate wear, only partially penetrating

the isthmuses between the metaconids and metas-

tylids; and (12) the M
3 _3 metastylids are notably

smaller and positioned more labially than the me-

taconids.

Evander (1997) admitted that transferal of Par-

apliohippus carrizoensis and “
Merychippus ” stylo-

dontus to Pliohippus would result in adding to the

paraphyletic status of the genus but implied that

this would more accurately reflect the phylogeny of

these species. Evander (1997) rejected the genus

Parapliohippus because he believed that a mono-
specific genus tends to obfuscate rather than clarify

relationships. However, the cladistic analyses pre-

sented herein and those of Hulbert (1989), Hulbert

and MacFadden (1991), and Kelly (1995) indicate

consistently that Parapliohippus carrizonensis is a

generically distinct clade that is the closest out-

group to Pliohippus plus all other Equini, excluding

Acritohippus. Considering that species of Pliohip-

pus s. s. exhibit at least 1 1 derived character states

relative to Parapliohippus carrizoensis and
“
Mery-

chippus ” stylodontus, transferal of these species to

Pliohippus would result in an untenable paraphy-

letic status for the genus and would certainly not

clarify the phylogeny of the Equini but further ob-

scure it. Furthermore, the data presented above

clearly indicate that
“
Merychippus ” stylodontus is

referable to Acritohippus, not Pliohippus s. s.

Moreover, the cladistic analysis presented herein

strongly suggests that the species assigned herein to

Pliohippus s. s. represent a monophyletic group.

Therefore, I reject Evander’s (1997) transferal of

Parapliohippus carrizoensis and
“ Merychippus

”

stylodontus to Pliohippus.

The cladistic analysis of Appendix E presented

below resulted in 24 equally parsimonious clado-

grams, all of which regarded Pliohippus s. s. as

monophyletic. The cladograms differed only in the

relative phylogenetic positions of the species within
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the Pliohippus s. s. clade; half of the cladograms

placed P. mirabilis as the closest sister species to the

P. fossulatus-P. sp. cf. P. fossulatus clade while the

other half placed P. mirabilis as the closest sister

species to either P. pernix, P. tantalus, or P. nobilis.

Thus, in the strict consensus cladogram (Fig. 10)

derived from the analysis of Appendix E, the rela-

tive phylogenetic positions of most of the species

within the Pliohippus s. s. clade were unresolved.

These results were apparently due to the following:

(1) compared to other equid genera, species of Plio-

hippus s. s. exhibit a distinctive suite of facial and

dental characteristics, which supported recognizing

Pliohippus s. s. as monophyletic; (2) because spe-

cies of Pliohippus s. s. exhibit a rather homoge-

neous dental morphology, dental characteristics did

not provide an adequate means of differentiating

relationships between certain species; and (3) a

number of character states are undetermined or un-

known for several species, especially those regard-

ing the facial morphology of P. tantalus, which re-

sulted in incomplete character state matrices for

these species.

Although the phylogenetic position of Pliohippus

mirabilis relative to the other species of Pliohippus

s. s. was unresolved in the analysis of Appendix E,

P. mirabilis is the geologically oldest known species

of the genus, from the middle to late Barstovian,

and exhibits the following hypothesized plesiom-

orphic character states relative to P. pernix from the

latest Barstovian to late Clarendonian: (1) the pos-

teriormost point of the nasal notch is positioned

farther anteriorly, dorsal to the anterior %of C-P 2

diastema; (2) smaller size (UTRL = about 140

mm); and (3) tridactyl feet. Pliohippus mirabilis ex-

hibits the following hypothesized plesiomorphic

character states relative to P. nobilis from the Hem-
phillian: (1) smaller size; (2) lower crowned cheek

teeth; and (3) tridactyl feet. Pliohippus mirabilis ex-

hibits the following hypothesized plesiomorphic

character states relative to P. fossulatus and P. sp.

cf. P. fossulatus from the Clarendonian: ( 1 )
the pos-

teriormost point of the nasal notch is positioned

farther anteriorly; (2) the nasal bones are not no-

tably flared anteriorly or constricted posteriorly; (3)

the frontal bones lack a well-developed groove be-

tween the orbits; (4) the plis caballin are more per-

sistent; and (5) smaller size. Because P. tantalus

from the Clarendonian is known only from dental

specimens, the only hypothesized plesiomorphic

character states that can be determined for P. mi-

rabilis relative to P. tantalus are its smaller size and
more persistent plis caballin. Based on the above

data, Pliohippus mirabilis is regarded as the least

derived species of Pliohippus.

Although Pliohippus mirabilis exhibits at least

three hypothesized plesiomorphies relative to P.

pernix, it possesses no known autapomorphies that

would preclude it from being directly ancestral to

P. pernix. In fact, the geologically older sample of

P. pernix from the latest Barstovian Burge Fauna of

Nebraska (Webb, 1969) is intermediate in mor-

phology between P. mirabilis of the middle and late

Barstovian and samples of P. pernix, including the

holotype, from the early Clarendonian. It appears

that P. mirabilis gave rise by anagenetic speciation

to P. pernix (Hulbert, 1989, 1993).

Pliohippus nobilis is derived relative to P. pernix

by having the following hypothesized apomorphies:

(1) larger size (UTRL = about 175—180 mm); (2)

higher crowned cheek teeth (crown height >58
mm); and (3) more persistent hypoconal grooves.

There are no recognized autapomorphies of P. per-

nix or P. nobilis that preclude P. nobilis from being

anagenetically derived from P. pernix.

Pliohippus fossulatus and P. sp. cf. P. fossulatus

are derived relative to P. mirabilis, P. pernix, and

P. nobilis by having the following hypothesized syn-

apomorphies: (1) the nasal bones are flared anteri-

orly and constricted posteriorly; (2) the M13 plis

caballin are absent or very weakly developed; and

(3) a well-developed groove is present on the fron-

tals between the orbits. These synapomorphies in-

dicate that P. fossulatus and P. sp. cf. P. fossulatus

are more closely related to each other than they are

to the other members of Pliohippus s. s. Pliohippus

fossulatus can be further distinguished from P. mi-

rabilis, P. pernix, and P. nobilis by having a rela-

tively smaller malar fossa. Pliohippus sp. cf. P. fos-

sulatus is derived relative to P. fossulatus by having

the following hypothesized apomorphies: (1) the

frontal bones are domed; (2) the DPOFis more de-

veloped (relatively taller dorsoventrally and deep-

er); and (3) the malar fossa is very extensively de-

veloped and compartmentalized.

Merriam (1913b) named Pliohippus tantalus

based on a partial P4 (UCMP19434) from the Dove
Spring Formation (= Ricardo Formation of Dibblee,

1952; also see Loomis and Burbank, 1988) of the

western Mojave Desert, California. Following the

initial description, Merriam (1919) described more
complete material from the Dove Spring Formation.

Since these publications, little has been added to our

knowledge of P. tantalus. Vanderhoof (1933) re-

ferred a skull (UCMP 31875) from Oakdale, Cali-

fornia, to Pliohippus tantalus. However, UCMP
31875 actually represents

“
Dinohippus ” interpolatus

(see discussion of Dinohippus below). Whistler and

Burbank (1992) report that P. tantalus occurs in the

Iron Canyon, Ricardo, and Dove Spring Faunas of

the Ricardo Group, which they date from about

13.0 to 7.9 Ma. No skulls preserving the facial mor-

phology are currently known from the Dove Spring

Formation. Most of the diagnostic dental characters

listed by Merriam (1913b, 1919) and Osborn (1918)

to distinguish P. tantalus can be attributed to indi-

vidual or ontogenetic variation and are not diagnos-

tic. In size and degree of hypsodonty, the cheek teeth

of P. tantalus are comparable to those of P. pernix,

P. fossulatus, and P. sp. cf. P. fossulatus. Although

the occlusal morphologies of the cheek teeth of all

species of Pliohippus s. s. are very similar, that of P.

tantalus is most similar to that of P. sp. cf. P. fos-

sulatus. However, an adequate comparison of P. tan-
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talus to the other species of Pliohippus s. s. must

await the discovery of topotypic specimens of P. tan-

talus in which the facial morphology is preserved.

Until such time, P. tantalus is provisionally regarded

as a distinct species.

One other species that should be mentioned in a

discussion of Pliohippus is
“

Pliohippus ” tehonensis

Merriam, 1915.
“

Pliohippus ” tehonensis is a poorly

known species, only recognized from dental speci-

mens (Kelly, 1995). It has been recorded in the fol-

lowing Clarendonian faunas of California; the

South Tejon Hills Local Fauna from the “Santa

Margarita Formation,” the Matthews Ranch Local

Fauna from the Caliente Formation, and the Dove
Spring Fauna from the Dove Spring Formation

(Merriam, 1915; Drescher, 1941; Savage, 1955;

James, 1963; Tedford et al., 1987; Kelly and Land-

er, 1992; Whistler and Burbank, 1992). “Pliohip-

pus” tehonensis is derived relative to species of

Pliohippus s. s. by having the following hypothe-

sized apomorphies: (1) the upper cheek teeth are

moderately curved (ROC = 40-50 mm); (2) the

M1-2 protocones connect with the hypocones in late

wear; and (3) the P2-M 2 have moderately well-de-

veloped protostylids.
“

Pliohippus ” tehonensis can

be further differentiated from species of Pliohippus

s. s. by having the following dental characteristics:

(1) P3-M2 hypoconal lakes do not usually form

with closure of the hypoconal grooves; and (2) low-

er crowned cheek teeth (unworn molar crown
height = 40-45 mm). Hulbert (1989) regarded

“Pliohippus” tehonensis as representing a separate

clade from Pliohippus s. s. and noted that it exhib-

ited a proper mixture of plesiomorphic and apo-

morphic character states that could allow it to be

the sister taxon of some segment of the Astrohip-

pus-Equus-Dinohippus clade. Later, Hulbert (1993,

fig. 1) referred this species to “Dinohippus” teho-

nensis. Kelly (1995) noted that, because the facial

morphology of this species is unknown, its generic

status cannot be confidently determined and re-

ferred it to “Pliohippus” tehonensis. Kelly (1995)

further noted morphological similarities of the

cheek teeth of “P” tehonensis and Heteropliohip-

pus hulherti Kelly, 1995, and stated that, if future

discoveries determine that the facial morphology of

“P” tehonensis is comparable with that of H. hul-

berti, then “P.” tehonensis would be referable to

Heteropliohippus. The cladistic analyses presented

below also support an exclusive sister-group rela-

tionship between “P.” tehonensis and H. hulberti.

These two species are distinct from Pliohippus s. s.

and form a clade that is the closest sister group to

Astrohippus plus the “Dinohippus” leardi and Di-

nohippus-Equus clades.

Pliohippus sp. cf. P. fossulatus (Cope, 1893)

Figures 3^4A, Tables 4-5

REFERREDSPECIMENS. From Mint Canyon
Formation: partial skull with partial R P 1 and R

P2-M 3
,

LACM 124344; partial dentaries with R
I

a _2 ,
R P4-M, and L P3-M l5 LACM141501; partial

dentaries with R P2-M 3 and L P2-M 3 ,
LACM

141500; partial dentaries with R dl x _2 ,
R P2_ 3 ,

par-

tial R M3 ,
and L P4-M 2 ,

LACM 141552. From
Clarendon Beds: partial skull with R and L P J -M 3

,

UCMP33481.

LOCALITIES. LACM5150, 6363, 6364, 6366,
upper part of Mint Canyon Formation, Los Angeles

County, California. UCMPV-37026, Clarendon

Beds, Donley County, Texas.

AGE AND DISTRIBUTION. Clarendonian of

California and Texas.

DESCRIPTION. The partial skull (LACM
124344) consists of the right side of the palate with

a partial dP 1

,
P2-M 3

,
and most of the right side of

the face including the orbit, facial fossae, and part

of the rostrum (Fig. 3A). Although somewhat frac-

tured, the state of preservation is fairly good. The
infraorbital foramen is positioned dorsal to the

parastyle of M1
. Although slightly distorted, the or-

bit appears to have been relatively large. The fron-

tals appear to have been domed, but this could be

a result of distortion. The posteriormost point of

the nasal notch appears to have been positioned

dorsal to the paracone of P2
.

Two extensively developed facial fossae are pres-

ent (Fig. 3A). Although part of the DPOFis miss-

ing, the posterior dorsal, caudal, and posterior ven-

tral portions of the fossa are present. The DPOFis

positioned 24.5 mmanterior to the orbit and is

characterized by having a deep posterior pocket, in

excess of 15 mm, and a sharp rim along the pos-

terior dorsal, caudal, and posterior ventral margins.

The DPOFis separated from the malar fossa by a

distinct ridge of bone.

The malar fossa is very large, measuring 66.2

mmA-P by 41.0 mmD-V, and is 26.2 mmdeep

relative to the surface of the face. It is positioned

18.5 mmanterior to the orbit. The caudal and ven-

tral margins are sharply rimmed, and the anterior

margin is delineated by a pronounced, rounded

rim. An extensively developed posterior pocket is

present that is 21.0 mmdeep. A low but distinct

ridge of bone extends anteroventrally from the cau-

dal-ventral margin of the DPOFacross the floor of

the malar fossa dividing it into anterior and pos-

terior compartments.

The upper teeth of LACM124344 are moder-

ately worn with the dP 1 badly damaged and the P2-

M3 well preserved (Fig. 3B). A thick layer of cement

is present on P2-M 3
. The upper premolars are char-

acterized by having the following: (1) the enamel

borders of the fossettes are very simple with no sig-

nificant plications; (2) oval protocones; (3) the pro-

tocones are connected to the protolophs by a wide

isthmus; (4) the hypocones are large with the hy-

poconal grooves almost completely worn away; (5)

the protocones are not connected to the hypocones,

resulting in open postprotoconal valleys; and (6)

the P23 have no indication of plis caballin, whereas

on the P4 the pli caballin is represented by a very
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A

C
Figure 3. Pliobippus sp. cf. P. fossulatus from Mint Canyon Formation, California. A, partial skull, LACM124344,

lateral view. B, partial R P 1 and R P2-M 3
,
LACM124344, occlusal view. C, R P2-M 3 ,

LACM141500, occlusal view.

Bar scale for A = 20 mm, bar scales for B and C = 10 mm.

slight protrusion. The upper molars are character-

ized by having the following: (1) the enamel bor-

ders of the fossettes are very simple with no signif-

icant plications; (2) elongated oval protocones; (3)

the protocones are connected to the protolophs by

a wide isthmus on M1 and slightly narrower isth-

muses on M2-3
; (4) the hypocones are large with

the hypoconal groove of M1 almost worn away,

whereas those of M2-3 are distinct; (5) the M1-2 pro-

tocones are connected to the hypocones, resulting

in closure of the postprotoconal valleys, whereas in

the M3 the protocone does not connect with the

hypocone and the postprotoconal valley is open;

and (6) the M1 has no indication of a pli caballin,

whereas on M2-3 the plis caballin are represented

by very slight protrusions.

The lower dentition is represented by three spec-

imens (LACM 141500, 141501, 141552). The
teeth of LACM141500 are just beginning to wear

(M 3 not fully erupted), those of LACM141552 are

only slightly worn, and those of LACM141501 are

moderately worn. The lower cheek teeth (Fig. 3C)
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Table 4. Dental measurements (in mm) of partial skull

of Pliohippus sp. cf. P. fossulatus (LACM 124344) from

Mint Canyon Formation (e = estimated).

Position A-P TR

P2 29.4 23.1

P3 24.2 27.6

P4 23.8 27.2

M1 21.4 25.1

M2 22.7 25.6

M3 25.3 24.2

P!-M 3 152. Oe

UTRL 142.9

P2-M2 120.0

p2-4 76.6

M1 - 3 66.5

exhibit the following characteristics: (1) hypsodont,

the Mj crown height of LACM141552 is 50.2 mm
and that of LACM 141500 is 58.0 mm; (2) the

cement is thick; (3) the occlusal enamel outlines of

the preflexids and postflexids are very simple; (4)

the P2^ ectoflexids only partially penetrate the isth-

muses between the metaconids and metastylids; (5)

the P2-M 3 lack protostylids; (6) the M
3 _3 ectoflexids

completely penetrate the isthmuses between the me-

taconids and metastylids; (7) the P2 4 metaconids

are equal or subequal in size and position; (8) the

M
3 _3 metastylids are smaller and positioned more

labially than the metaconids; and (9) plis caballinid

are absent or may be expressed as very faint folds.

Measurements of the teeth are presented in Ta-

bles 4 and 5.

DISCUSSION. The occlusal morphology of the

cheek teeth in equids varies depending upon the

stage of wear. Dental comparisons between species

should be done at equal wear stages. The cheek

teeth of LACM124344 are moderately worn with

the M1 crown height estimated to be about 37 mm.
Even though some of the upper cheek teeth char-

acters listed above may be wear related, a general

morphology can be distinguished. The upper cheek

teeth of the Mint Canyon skull exhibit characters

typical of species of Pliohippus, including the fol-

lowing: (1) very simple fossette enamel borders; (2)

protocones that are connected to the protolophs;

(3) absent to weakly developed P2-M 3 plis caballin;

and (4) M1-2 protocones that connect with the hy-

pocones prior to late wear, resulting in closure of

the postprotoconal valleys. Pliohippus also possess-

es strongly curved upper cheek teeth, but this char-

acter is difficult to assess in the Mint Canyon skull

because the teeth are in place. The lower cheek

teeth of the specimens from the Mint Canyon also

exhibit characters typical of species of Pliohippus,

including the following: (1) very simple occlusal

enamel borders; (2) P2_4 ectoflexids that partially

penetrate the isthmuses between the metaconids

and metastylids; (3) P2-M 3
lack protostylids; (4)

M
x _ 3 ectoflexids that completely penetrate the isth-

Table 5. Summary of dental measurements (in mm) of

lower cheek teeth of Pliohippus sp. cf. P. fossulatus from
Mint Canyon Formation. Abbreviations same as for Ta-

ble 3.

Position/

dimension N
Observed

range Mean SD CV

P2 A-P 2 25.6-26.6 26.1 - _

P2 TR 3 12.6-14.3 13.5 - -

P3 A-P 3 25.0-29.3 26.7 - -

P3 TR 4 13.8-16.5 15.2 - -

P4 A-P 5 24.7-30.1 26.7 1.97 7.5

P4 TR 5 13.7-17.4 15.1 1.36 9.0

M
3

A-P 5 23.7-27.0 24.9 1.31 5.2

M
3

TR 5 11.6-13.1 12.5 0.55 4.4

M2 A-P 3 24.2-29.1 25.8 - -

M2 TR 2 11.0-15.3 13.2 - -

M3 A-P 1 26.7 - - -

M
3

TR 2 9.7-11.3 10.5 - -

P2-M 3 A-P 1 153.9 - - -

P« A-P 2 77.1-79.0 78.1 - -

Mj_ 3 A-P 1 79.3 - _ -

muses between the metaconids and metastylids; and

(5) Mj_ 3 metastylids that are smaller and positioned

more labially than the metaconids.

The facial morphology of the Mint Canyon skull

is also typical of Pliohippus with its well-developed

DPOFand malar fossa that are well separated by

a distinct ridge of bone. Based on facial and dental

morphology, the Mint Canyon skull is most similar

to a skull (UCMP 33481) from Clarendon, Texas,

that Stirton and Chamberlain (1939) referred to

Pliohippus fossulatus (Cope, 1893). The holotype

skull of P. fossulatus (TMM 40282-2) also came
from Clarendon, Texas (Osborn, 1918). In the

Mint Canyon skull and UCMP33481, the facial

fossae are extensively developed and the malar fos-

sa is compartmentalized. The referral by Stirton

and Chamberlain (1939) of UCMP33481 to P. fos-

sulatus is problematic. Stirton and Chamberlain

(1939) based their assignment primarily on the fact

that the holotype of P. fossulatus and UCMP33481

share the following characters: (1) the nasal bones

are flared anteriorly and constricted posteriorly; (2)

the M1 " 3 plis caballin are absent or very weakly

developed; and (3) a well-developed groove is pres-

ent on the frontals between the orbits. In spite of

these apparent synapomorphies, the facial mor-

phology of the holotype differs significantly from

that of UCMP33481 (Fig. 4). As compared with

UCMP33481, the facial fossae of the holotype of

P. fossulatus are much less developed with the

DPOFrelatively smaller and shallower and the ma-

lar fossa much smaller and not compartmentalized

(Gidley, 1907; Osborn, 1918; Gregory, 1920; Hul-

bert, 1988a). Hulbert (1988a) noted that the ho-

lotype juvenile skull of Pliohippus pachy ops (Cope,

1893) and the holotype adult skull of P. fossulatus

were recovered from the same area, the Clarendon
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Figure 4. Facial fossae of three species of Pliohippus s. s. A, Pliohippus sp. cf. P. fossulatus from Clarendon Beds, Texas,

UCMP33481, anterior left. B, Pliohippus pernix from Burge Fauna, Valentine Formation, Nebraska, UCMP3250,

anterior right. C, Pliohippus fossulatus from Clarendon Beds, Texas, cast of holotype skull, TMM40282-2, anterior

right. Bar scales = 20 mm.
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Beds of Donley County, Texas. Hulbert (1988a)

further noted that both of these species exhibit sim-

ilar dental and cranial morphology, including a

small malar fossa. For these reasons, Hulbert

(1988a) and Kelly (1995) considered F. pacbyops

as a junior synonym of F. fossulatus. The facial fos-

sae of the holotype of F. fossulatus more closely

resemble those of Pliohippus pernix than those of

UCMP33481 (Fig. 4). Also, the frontals of UCMP
33481 are slightly domed, whereas those of the ho-

lotype of F. fossulatus are relatively flat. It appears

that the UCMP33481 represents a species distinct

from F. fossulatus. To distinguish UCMP33481

from F. fossulatus, it is herein assigned to Pliohip-

pus sp. cf. Pliohippus fossulatus. The Mint Canyon
skull exhibits many similarities in facial and dental

morphology to UCMP33481 but is slightly smaller

in size. The UTRL of UCMP33481 is 157.0 mm
(Stirton and Chamberlain, 1939), whereas that of

the Mint Canyon skull is 142.9 mm. Considering

the range of individual variation observed in other

Neogene hypsodont horses (MacFadden, 1984a),

the size difference between the two skulls is prob-

ably not significant. Therefore, the Mint Canyon
skull is also referred to F. sp. cf. F. fossulatus.

Morphological evidence indicates that Pliohip-

pus sp. cf. F. fossulatus from Mint Canyon and

Clarendon is specifically distinct from F. fossulatus.

However, I have refrained from assigning a new
name to this species pending an alpha-level revision

of Pliohippus. Furthermore, when compared at

equal wear stages, the teeth of F. sp. cf. F. fossulatus

from the early Clarendonian of Mint Canyon are

indistinguishable in size and morphology from

those of Pliohippus tantalus from the early to late

Clarendonian Dove Spring Formation. Unfortu-

nately, there are no known specimens of F. tantalus

from the Dove Spring Formation that have the fa-

cial morphology preserved. If future discoveries de-

termine that the facial fossae morphology of F. tan-

talus is comparable to that of F. sp. cf. F. fossulatus

(e.g., they both possess a deeply pocketed DPOF
and compartmentalized malar fossa), then the spec-

imens assigned herein to F. sp. cf. F. fossulatus

would be referable to F. tantalus.

Genus Dinohippus Quinn, 1955

Table 1

TYPE SPECIES. D. leidyanus (Osborn, 1918).

REFERREDSPECIES. None, monotypic genus.

AGEANDDISTRIBUTION. Late Hemphillian

of North America, and possibly the Blancan of Cal-

ifornia.

DISCUSSION. The current taxonomic status of

Dinohippus s. s. is controversial. Quinn (1955)

erected the genus Dinohippus and designated D.

leidyanus as the type species. Quinn (1955) also

referred Pliohippus interpolatus (Cope, 1893) to his

new genus. Thus, Quinn’s (1955) diagnosis of Di-

nohippus included characters of both D. leidyanus,

the type species, and Pliohippus interpolatus. The

holotype of Dinohippus interpolatus is two appar-

ently associated upper molars from the Goodnight
Beds of Mulberry Canyon, Texas (Cope, 1893; Os-
born, 1918; Stirton, 1940; Tedford et al., 1987).

Contrary to most investigators (e.g., Matthew and
Stirton, 1930; Hulbert, 1989, 1993, 1996; Kelly,

1995), Azzaroli (1988) regarded the holotype of D.

interpolatus as indeterminate, which would make
D. interpolatus a nomen dubium. Hulbert (1989)

considered Dinohippus to be a paraphyletic taxon,

and to reflect this he referred to the genus as “Di-

nohippus” Hulbert (1989) noted that other inves-

tigators (Merriam et al., 1925; Matthew and Stir-

ton, 1930) have regarded three species of Dinohip-

pus (D. spectans, D. interpolatus, and D. leidyan-

us) as closely related and possibly conspecific.

Hulbert (1993) regarded D. leidyanus as a junior

synonym of D. interpolatus.

Lance (1950) described Pliohippus mexicanus

from the late Hemphillian Yepomera Local Fauna
of Chihuahua, Mexico. MacFadden (1984b) re-

ferred this species to Dinohippus and provided a

detailed description of the Yepomera sample. Di-

nohippus mexicanus is morphologically very simi-

lar to D. leidyanus but also exhibits certain syna-

pomorphies with species of Equus, e.g., elongated

protocones and derived manus (Sondaar, 1968;

MacFadden, 1984b). Hulbert (1993) hypothesized

that D. interpolatus, D. mexicanus, and Equus sim-

plicidens represent an anagenetic lineage, wherein

D. interpolatus gave rise by anagenetic speciation

to D. mexicanus, which then gave rise to E. sim-

plicidens. Most recently, Hulbert (1996) did not

recognize Dinohippus as a valid genus and referred

D. interpolatus (including D. leidyanus) and D.

mexicanus to Equus. However, Downs and Miller

(1994) have recorded both Equus and cf. Dinohip-

pus in the Blancan (middle to late Pliocene) Arroyo

Seco Local Fauna of the Palm Springs Formation,

Anza-Borrego area, California. MacFadden (1997)

noted that, if the specimens from Anza-Borrego do

indeed represent Dinohippus, then Equus was
probably derived by cladogenetic speciation from

Dinohippus rather than anagenetic speciation.

Further complicating the taxonomic status of Di-

nohippus interpolatus, Azzaroli (1988) named Plio-

hippus bakeri based on a complete skull (UCMP
30200, the holotype) and some additional speci-

mens from the late Hemphillian Coffee Ranch Lo-

cal Fauna of Texas. Matthew and Stirton (1930)

previously referred UCMP30200 to Pliohippus in-

terpolatus. Azzaroli (1988) also revised the diag-

nosis of Dinohippus s. s. and provided a detailed

characterization of the type species, D. leidyanus.

The facial morphology of Dinohippus s. s., as typ-

ified by the holotype of D. leidyanus and additional

specimens identified by Azzaroli (1988), is charac-

terized by a reduced DPOFand the absence of a

malar fossa. The facial morphology of specimens

that have usually been referred to D. interpolatus

(Matthew and Stirton, 1930; Quinn, 1955), but

which were referred to F. bakeri by Azzaroli

18 Contributions in Science, Number 473 Kelly: Miocene Horses of California



Figure 5.
“ Dinohippus ” interpolatus from Oakdale, California. L P2-M 3 of skull, UCMP31875, occlusal view, bar scale

= 10 mm.

(1988), are characterized by a reduced DPOFand

a small but distinct malar fossa. As noted above,

Azzaroli (1988) regards the holotype of D. inter-

polatus to represent an indeterminate species of Di-

nohippus. He based this on the fact that in the ho-

lotype molars of D. interpolatus the protocones do

not unite with the hypocones, resulting in open

postprotoconal valleys, as do those of Dinohippus,

whereas in Pliohippus the protocones unite with

the hypocones in moderate to well-worn teeth, re-

sulting in closure of the postprotoconal valleys. Az-

zaroli (1988) listed the following characters that

distinguish P. bakeri from Dinohippus

:

(1) the

DPOF is sharply rimmed dorsally, caudally, and

ventrally; (2) a distinct shallow malar fossa is pres-

ent; (3) the cheek teeth are more massive (relatively

larger); (4) the cheek teeth enamel is thicker with

simpler fossette morphology (less convoluted); (5)

the protocones of M1-2 are very close to the hypo-

cones and almost close the postprotoconal valleys;

(6) the lower molar metaconid-metastylid isthmus-

es are shorter; and (7) the lower molar metastylids

are much smaller than the metaconids. Azzaroli

(1988) also suggested that the feet of P. hakeri may
be tridactyl, but the evidence he provided is not

convincing. Azzaroli (1988) considers the dental

morphology, in particular the close oppression of

the molar protocones and hypocones, in the holo-

type of P. bakeri to conform to that of Pliohippus

s. s., whereas its facial morphology does not. Az-

zaroli (1988) regards P. bakeri as a final stage of

evolution of Pliohippus. However, the protocones

on the upper molars in the holotype of P. bakeri

(Matthew and Stirton, 1930, plate 46) are not unit-

ed with the hypocones as is typical of those of Plio-

hippus s. s. at an equal wear stage. Furthermore,

the dentition of a D. interpolatus specimen (Fig. 5),

a dorsoventrally crushed skull (UCMP31875) from

Oakdale, California, is very similar morphological-

ly to those that Azzaroli assigned to Dinohippus s.

s. The Oakdale skull also exhibits a distinct but

shallow malar fossa. The characters that Azzaroli

(1988) used to distinguish P. bakeri from D. inter-

polatus can probably be attributed to individual

and ontogenetic variation. Although a final deter-

mination of the systematic status of P. bakeri must

await a detailed comparison of the entire hypodigm
of P. bakeri and D. interpolatus, I tentatively regard

P. bakeri as a junior synonym of D. interpolatus.

As noted above, Hulbert (1993, pers. commun.,

1997) regards Dinohippus leidyanus as a junior

synonym of Dinohippus interpolatus. It is possible

that D. interpolatus and D. leidyanus are conspe-

cific, wherein the samples assigned to each species

actually represent the opposite ends of the morpho-
logical range of a highly variable species. In this

scenario, all of the characters that distinguish D.

interpolatus from D. leidyanus would be attributed

to individual variation. However, specimens usually

assigned to D. interpolatus have a small but distinct

malar fossae present (Matthew and Stirton, 1930;

MacFadden, 1984b; Kelly, 1995), whereas the ho-

lotype and topotypic specimens of D. leidyanus

(Osborn, 1918; MacFadden, 1984b; Azzaroli,

1988) lack a malar fossa.

Contrary to Azzaroli (1988), the morphological

differences between Dinohippus interpolatus
(

=
Pliohippus bakeri) and species of Pliohippus s. s.

are significant. Dinohippus interpolatus differs

from Pliohippus s. s. (P. mirabilis, P. pernix, P. tan-

talus, P. nobilis, P. fossulatus, and P. sp. cf. P. fos-

sulatus) by having the following hypothesized syn-

apomorphies with Dinohippus leidyanus: (1) the

posteriormost point of the nasal notch is positioned

farther posteriorly, about dorsal to posterior half of

P2 or deeper; (2) the relative depth of the DPOFis
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shallow (ratio of mean DPOFdepth to mean URTL
= 0.10); (3) the DPOF is notably narrowed dor-

soventrally (ratio of D-V height to URTL <0.15);

(4) the DPOFlacks a posterior pocket; (5) the rel-

ative preorbital bar length is long (ratio of PBL to

UTRL >0.18); and (6) the P2_4 ectoflexids are shal-

low in early to early moderate wear, not penetrat-

ing the isthmuses between the metaconids and me-

tastylids. Although both D. interpolatus and species

of Pliohippus s. s. possess a malar fossa, the fossa

of D. interpolatus is unpocketed posteriorly, posi-

tioned relatively farther forward on the face, and

relatively smaller and shallower than those of the

species of Pliohippus s. s. The cladistic analysis pre-

sented below and those of Kelly (1995) place D.

interpolatus as the closest sister taxon to Dinohip-

pus s. s., with D. interpolatus exhibiting a combi-

nation of hypothesized plesiomorphies and syna-

pomorphies relative to Dinohippus s. s. To include

D. interpolatus in Dinohippus s. s. or Pliohippus s.

s. would result in paraphyly. However, if future

studies determine that D. leidyanus is actually a ju-

nior synonym of D. interpolatus, then D. interpo-

latus would become the genotype of Dinohippus

s.s. For now, to differentiate D. interpolatus from

Dinohippus s. s. and Pliohippus s. s., it is referred

to
“

Dinohippus ” interpolatus. Dinohippus mexi-

canus possesses a facial morphology comparable to

that of Dinohippus s. s. but also exhibits certain

dental synapomorphies with Equus. To include D.

mexicanus in Dinohippus s. s. would also result in

paraphyly. To differentiate D. mexicanus from Di-

nohippus s. s., it is referred to “Dinohippus” mex-
icanus. Thus, only D. leidyanus is referred here to

Dinohippus s. s.

Cope (1880) described Hippidion spectans based

on two upper cheek teeth from the early to medial

Hemphillian Rattlesnake Formation at Cotton-

wood Creek, Oregon. Osborn (1918) and Merriam
et al. (1925) referred this species to Pliohippus

spectans. Merriam et al. (1925) further character-

ized this species based on more complete dental ma-
terial from the Rattlesnake Formation. Additional

dental material of this species has been recovered

from the Hemphillian Drewsey Formation of Ore-

gon, Hemphillian deposits in the Little Valley-Ju-

niper Creek area of Oregon, and the early Hem-
phillian Smith Valley Local Fauna of the Coal Val-

ley Formation of Nevada (Macdonald, 1959; Shot-

well, 1963, 1970). Most recent investigators have

recognized that this species is not referable to Plio-

hippus s. s. and have referred it to either “Pliohip-

pus” or “Dinohippus” (e.g., Savage and Russell,

1983; Kelly and Lander, 1988; Tedford et al., 1987;

Hulbert, 1989). Unfortunately, “Dinohippus” spec-

tans is only known from dental specimens, and,

therefore, comparisons of the cranial morphology
of this species with species of Pliohippus s. s. and

Dinohippus s. s. cannot be made. “Dinohippus”

spectans differs from species of Pliohippus s. s. by

having the following dental characteristics: (1) the

upper cheek teeth are less curved (ROC = 45-50

mm); (2) the P3-M 3 hypoconal grooves close in late

wear, and hypoconal lakes do not usually form
with closure of the hypoconal grooves; (3) the M1-2

protocones connect with the hypocones only in late

wear; and (4) the P2 _4 ectoflexids are shallow in ear-

ly to early moderate wear, not penetrating the isth-

muses between the metaconids and metastylids.

“Dinohippus” spectans exhibits the following den-

tal synapomorphies with Dinohippus s. s.: (1) large

size (UTRL = 165 mm); (2) moderately curved up-

per cheek teeth (ROC = 45-50 mm); and (3) shal-

low P2-4 ectoflexids, not penetrating the isthmuses

between the metaconids and metastylids. “Dinohip-

pus” spectans is plesiomorphic relative to Dinohip-

pus s. s. by having the following dental character-

istics: (1) the upper cheek teeth are slightly lower

crowned (unworn molar crown height = 55-60

mm); (2) the P2-M 3 hypoconal grooves close in late

wear; and (3) the M1-2 protocones connect with the

hypocones in late wear. Thus, “D.” spectans pos-

sesses a combination of dental synapomorphies and
plesiomorphies relative to Dinohippus s. s.

Drescher (1941) named Pliohippus leardi based

on dental material from the Chanac Formation of

the North Tejon Hills, California. Additional ma-
terial referable to this taxon has been recovered

from the Dove Spring and Green Valley Formations

of California (Richey, 1948; Savage, 1955; Whistler

and Burbank, 1992; this paper, see below). Most
recent investigators regard this taxon as more close-

ly related to Dinohippus than Pliohippus (Hulbert,

1993; Kelly, 1995). The cranial material from the

Green Valley Formation described herein and the

analyses presented below indicate that this taxon

represents a generically distinct clade that is the sis-

ter taxon to the Dinohippus-Equus plus Onohip-

pidium-Hippidion clades. However, erecting a new
generic name for this clade is withheld until the

facial morphology of other species that may also

represent this clade is known (i.e., “Dinohippus”

spectans). As such, Pliohippus leardi is herein re-

ferred to “Dinohippus” leardi, to differentiate it

from Dinohippus s. s.

In summary, based on the morphological evi-

dence and the cladistic analyses presented below,

Dinohippus s. s. is restricted to the type species be-

cause referral of any other species to the genus

would result in paraphyly. All other horses that ex-

hibit some dental synapomorphies with Dinohip-

pus s. s. but also possess certain dental or facial

characteristics that differ from Dinohippus s. s. are

referred to “Dinohippus.”

“ Dinohippus ” leardi (Drescher, 1941)

Figures 6-8, Tables 6-7

REFERREDSPECIMENS. Partial skull with par-

tial R dP2
,

R dP3 - 4
,

R P2-M 3
,

L dP 1 ^, L P2-M 2
,

UCMP126141; partial skull with partial R PMVl 1

,

R M2
,

partial L P3 - 4
,

and L M3
,
UCMP65620; pal-

ate with R I
1

,
R P3-M 3

,
L I

1-3
,

partial canine, L dP 1

,
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A

B
Figure 6.

“ Dinohippus ” leardi from Green Valley Formation, California. A, partial skull, UCMP126141, lateral view,

anterior left. B, close-up of facial fossae of UCMP126141. Bar scales = 20 mm.

and L P2-M 3
,
UCMP56278; partial dentary with

partial R dP2 ,
dP2_ 3 ,

and Mj erupting, UCMP
58211; partial mandible with R Ij_ 2 ,

R P2-M 3 ,
L

I
1 _3 ,

and L P,-M 3 ,
UCMP78398; partial dentaries

with R P2_4 ,
L I 2 _ 3 ,

and L P2 _3 ,
UCMP34597.

LOCALITY. All specimens described herein from

UCMPV-3310, Black Hawk Ranch Quarry, Green

Valley Formation, Contra Costa County, Califor-

nia.

EMENDEDDIAGNOSIS. “ Dinohippus ” leardi
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Figure 7.
“ Dinohippus” leardi from Green Valley Formation, California, partial skull, UCMP65620, lateral view, anterior

right, bar scale = 20 mm.

differs from “ Dinohippus ” interpolatus by having

the following characteristics: (1) DPOF relatively

larger and deeper (ratio of mean depth to mean
UTRL = 0.12) and pocketed posteriorly; (2) malar

fossa relatively larger and pocketed posteriorly; (3)

M1-2 protocones connect to hypocones prior to late

wear; and (4) P2~M2 hypoconal grooves close in

early late wear. It differs from Dinohippus leidyan-

us by having the following characteristics: (1)

DPOFrelatively larger, deeper, pocketed posterior-

ly, and sharply rimmed dorsally; (2) malar fossa

present; (3) M1-2 protocones connect to hypocones

prior to late wear; and (4) P2-M 2 hypoconal

grooves close in early late wear. It differs from “D/-

nohippus” mexicanus by having the following char-

acteristics: (1) DPOFrelatively larger, deeper, pock-

eted posteriorly, and sharply rimmed dorsally; (2)

malar fossa present; (3) P3 -M 2 protocones oval with

rounded lingual borders; (4) M1-2 protocones con-

nect with hypocones prior to late wear; and (5) P2-

M2 hypoconal grooves close in early late wear. It

differs from “
Dinohippus ” spectans by having up-

per cheek teeth with notable tapering of crowns (A-

P lengths significantly reduced with wear) and P 2-

M2 hypoconal grooves close in early late wear. It

differs from species of Pliohippus s. s. by having

the following characteristics: (1) posteriormost

point of nasal notch dorsal to posterior half of P2
;

(2) posterior pocket of DPOFshallow; (3) relative

PBL long (ratio of mean PBL to mean UTRL =

0.22); (4) relative depth of malar fossa shallow (ra-

tio of mean depth to mean UTRL = 0.06); (5) up-

per cheek teeth moderately curved (ROC —40-50

mm); (6) P2-M 2 hypoconal grooves close in early

late wear, and hypoconal lakes do not usually form

with closure; and (7) P2_4 ectoflexids shallow in ear-

ly to early moderate wear, not penetrating the isth-

muses between the metaconids and metastylids. It

differs from “
Pliohippus ” tehonensis and Hetero-

pliohippus hulberti by having the following char-

acteristics: (1) larger size, UTRL = 171 mm; (2)

relative PBL long; (3) P3 -M 2 hypoconal grooves

close in early late wear; (4) P3_4 ectoflexids shallow

in early to early moderate wear; and (5) P2-M 2 lack

protostylids. It further differs from Heteropliohip-

pus hulberti by having the following characteristics:

(1) DPOF relatively deeper and pocketed posteri-

orly; (2) malar fossa better developed and pocketed

posteriorly; and (3) M
x _3 metastylids notably small-

er and more labially positioned. It differs from spe-

cies of Astrohippus by having the following char-

acteristics: (1) larger size; (2) posteriormost point

of nasal notch dorsal to posterior half of P2 or deep-

er; (3) relative PBL long; (4) malar fossa simple, not

compartmentalized, and well separated from

DPOF; (5) P3-M 2 hypoconal grooves close in early

late wear; and (6) P3-M2 lack protostylids.

AGE AND DISTRIBUTION. Clarendonian of

California.

DESCRIPTION. The two partial skulls (UCMP
65620, 126141) from Black Flawk Ranch are dam-

aged and somewhat laterally crushed (Figs. 6 and

7). In UCMP65620, the M3
is just erupting, which

in the extant domestic horse would indicate an age
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Figure 8.

“
Dinobippus ” leardi from Green Valley Formation, California. A, L P^M3 of palate, UCMP56278. B, R P3-M3 of

palate, UCMP56278. C, R P2-M3 and L P2-M 3 of mandible, UCMP78398. All occlusal views, bar scales = 10 mm.
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Table 6. Summary of dental measurements (in mm) of

upper cheek teeth of
“
Dinohippus ” leardi from Black

Hawk Ranch Quarry, Green Valley Formation. Abbrevi-

ations same as for Table 3.

Position/

dimension N
Observed

range Mean SD CV

dP 1 A-P 2 12.9-19.9 16.4 - -

dP 1 TR 2 9.7-10.1 9.9 - -

dP2 A-P 1 29.5 - - -

dP2 TR 1 29.7 - - -

dP3A-P 2 28.9-29.1 29.0 - -

dP3 TR 2 27.4-27.8 27.6 - -

dP4 A-P 2 30.1-30.9 30.5 - -

dP4 TR 2 28.5-28.8 28.7 - -

dP2^ A-P 1 86.5 - - -

P2 A-P 4 34.4-37.9 36.4 - -

P2 TR 2 25.5-27 .5 26.5 - -

P3 A-P 5 28.1-31.6 29.8 1.36 4.5

P3 TR 3 30.1-30.9 30.5 - -

P4 A-P 5 25.8-31.5 29.2 2.16 7.4

P4 TR 3 30.1-32.6 31.6 -

M1 A-P 5 24.9-32.9 28.9 3.47 12.0

M1 TR 5 28.0-33.4 30.7 2.25 7.3

M2 A-P 5 26.8-32.0 29.3 2.06 7.0

M2 TR 5 26.7-32.2 28.5 2.06 7.2

M3 A-P 3 29.4-31.5 30.3 -

M3 TR 2 26.2-28.4 27.3 - -

UTRL 3 164.5-172.0 171.8 - -

P2 - 4 A-P 3 88.8-96.1 92.6 - -

M1 - 3 A-P 4 80.5-93.2 86.7 - -

of about three and a half to four years. In UCMP
126141, the M3 has not yet erupted, which in the

extant domestic horse would indicate an age of

about two and a half years. Even in their damaged
state, a number of facial characteristics can be de-

termined. The posteriormost point of the nasal

notch is positioned dorsal to the posterior half of

the P2
. The DPOFis sharply rimmed dorsally and

posteriorly and well separated ventrally from the

malar fossa by a distinct ridge of bone. The anterior

margin of the DPOFis confluent with the surface

of the face. The DPOFis pocketed posteriorly with

the pocket depth varying from 5.0 to 6.1 mm. The
depth of the DPOFvaries from 20.2 to 20.4 mm
relative to the surface of the face, resulting in a

moderate relative depth (ratio of mean depth to

mean UTRL = 0.12). The height of the DPOF(D-

V height measured at the center of the fossa) varies

from 25.7 to 32.7 mm, and the anteroposterior

length varies from 62.2 to 72.2 mm. The malar fos-

sa is moderate in size and pocketed posteriorly

(pocket depth varies from 3.7 to 4.7 mm). The ma-
lar fossa is confluent with the face anteriorly, sharp-

ly rimmed posteriorly, and well separated dorsally

from the DPOFby a distinct ridge of bone. The
depth of the malar fossa relative to the surface of

the face varies from 10.2 to 10.5 mm, resulting in

Table 7. Summary of dental measurements (in mm) of

lower cheek teeth of
“
Dinohippus ” leardi from Black

Hawk Ranch Quarry, Green Valley Formation. Abbrevi-

ation same as for Table 3.

Position/

dimension N Observed range Mean

dP2 A-P - _ _

dP2 TR 1 16.0 -

dP3 A-P 1 31.3 -

dP3 TR 1 16.3 -

dP4 A-P 1 33.5 -

dP4 TR 1 15.7 -

P2 A-P 4 31.3-32.1 31.7

P2 TR 4 16.0-20.5 18.0

P3 A-P 4 27.0-27.7 27.3

P3 TR 4 18.9-23.0 20.8

P4 A-P 4 26.3-29.5 27.6

P4 TR 3 20.5-23.4 20.8

M, A-P 2 23.7-23.9 23.8

Mj TR 2 17.9-19.9 18.9

M2 A-P 2 24.6-25.4 25.0

M2 TR 2 17.7-18.6 18.2

M3 A-P 2 33.3-33.6 33.5

M3 TR 2 15.6-16.0 15.8

P2-M 3 A-P 2 162.2-162.4 162.3

P2^ A-P 2 83.3-85.9 84.6

M,_ 3 A-P 2 76.7-78.2 77.5

a shallow relative depth (ratio of mean depth to

mean URTL - 0.06). The height of the malar fossa

varies from 25.8 to 33.5 mm, and the anteropos-

terior length varies from 35.0 to 36.3 mm. The pre-

orbital bar length varies from 34.2 to 41.2 mm,
resulting in a long relative preorbital bar length (ra-

tio of mean PBL to mean URTL = 0.22). The in-

fraorbital foramen is positioned dorsally over the

anterior half of the M1
.

The cheek teeth (Fig. 8) exhibit the following

characteristics: (1) hypsodont, unworn M1 mesos-

tyle crown height about 65 mm; (2) the cement on

the deciduous premolars and permanent cheek

teeth is thick; (3) the dP 1
is moderate in size; (4)

the permanent upper cheek teeth are moderately

curved (ROC = 40-50 mm); (5) the upper cheek

teeth, especially M1-3
,

exhibit a distinctive tapering

of the crown (the anteroposterior lengths of un-

worn to moderately worn teeth are significantly

greater at the occlusal surfaces than at the base of

the crowns); (6) the P3-M 3 internal and external

fossette plications are very simple, even in early

wear; (7) the P2-M 3 plis caballin are small and non-

persistent; (8) the P2-M 3 protocones are oval in oc-

clusal outline and connect with the protolophs dur-

ing the onset of wear; (9) the M1-2 protocones con-

nect with the hypocones prior to late wear; (10) the

P2-M 3 hypoconal grooves close in early late wear,

and hypoconal lakes do not usually form with clo-

sure; (11) the deciduous lower premolars have well-
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developed protostylids and hypostylids but lack ec-

tostylids; (12) the P2-M 3 lack protostylids; (13) the

P2_4 ectoflexids are shallow in early to early mod-
erate wear, not penetrating the isthmuses between

the metaconids and metastylids; (14) the M1-3 ec-

toflexids are deep, penetrating the isthmuses be-

tween the metaconids and metastylids; (15) the P2_4

metaconids are equal or subequal in size and po-

sition; and (16) the M1-3 metastylids are notably

smaller and positioned more labially than the me-

taconids.

Measurements of the teeth are presented in Ta-

bles 6 and 7.

DISCUSSION. Drescher (1941) described Plio-

hippus leardi based on dental material from the

Chanac Formation of the Tejon Hills, California.

Based on a small sample of teeth, Richey (1948)

described Pliohippus sp. cf. P. leardi from the Black

Hawk Ranch Quarry of the Green Valley Forma-

tion. Richey (1948) noted that, when compared at

equal wear stages, the sample of teeth from Black

Hawk Ranch agrees well in occlusal morphology
with those of P. leardi. He also noted that the sam-

ple of upper cheek teeth of P. leardi from the Tejon

Hills exhibited notable tapering of the crown and,

with wear, the anteroposterior lengths of the teeth

are significantly reduced. Because of the small num-
ber of cheek teeth from Black Hawk Ranch, all of

which were well worn, Richey (1948) could not ad-

equately compare them with the holotype and to-

potypic sample of P. leardi from Tejon Hills. For

this reason, Richey (1948) could not confidently as-

sign the Black Hawk Ranch specimens to P. leardi

and instead referred them to P. sp. cf. P. leardi.

Most recent investigators regard P. leardi as more
closely related to Dinohippus than Pliohippus and

refer it to
“
Dinohippus ” leardi (Savage and Russell,

1983; Hulbert 1993; Whistler and Burbank, 1992;

Kelly, 1995). A much larger sample of teeth is now
available from Black Hawk Ranch, including cheek

teeth in various stages of wear. The unworn upper

cheek teeth from Black Hawk Ranch exhibit the

same characteristic tapering of the crown that is

observed in the topotypic sample of “D.” leardi. At

equal wear stages, the occlusal morphology of the

cheek teeth of the Black Hawk Ranch specimens is

well within the variation observed in the sample of

“D.” leardi from Tejon Hills (Drescher, 1941).

Therefore, the Black Hawk Ranch specimens are

referred herein to “D.” leardi. Whistler and Bur-

bank (1992) reported the occurrence of
“

Dinohip-

pus ” sp. cf. “D.” leardi in the Iron Canyon and
Dove Spring Faunas of the Dove Spring Formation.

Only dental specimens of “D.” sp. cf. “D.” leardi

have been recovered from the Dove Spring For-

mation. Compared at equal wear stages, the teeth

of “D.” sp. cf. “D.” leardi from the Dove Spring

Formation are morphologically indistinguishable

from those of “D.” leardi from Tejon Hills and
Black Hawk Ranch and are also referred herein to

“D.” leardi.
“

Dinohippus'' leardi is apomorphic to Pliohip-

pus s. s. by having the following character states:

(1) larger size (mean UTRL = 171.8); (2) the pos-

teriormost point of the nasal notch is dorsal to

posterior half of P2 or deeper; (3) the DPOF is

notably narrowed dorsoventrally; (4) the posterior

pocket of the DPOF is shallow (secondarily de-

rived); (5) the relative PBL is long (ratio of mean
PBL to mean UTRL = 0.22); (6) the relative depth

of the malar fossa is shallow (secondarily derived);

(7) the cheek teeth are higher crowned; (8) the up-

per cheek teeth are moderately curved (ROC =
40-50 mm); (9) the P2-M 2 hypoconal grooves

close in early late wear (secondarily derived); and

(10) the P2 _4 ectoflexids are shallow in early to ear-

ly moderate wear, not penetrating the isthmuses

between the metaconids and metastylids.
“ Dino-

hippus ” leardi is apomorphic to Heteropliohippus

and
“

Pliohippus ” tehonensis by having the follow-

ing character states: (1) larger size; (2) the poster-

iormost point of the nasal notch is dorsal to the

posterior half of the P2 or deeper; (3) the relative

PBL is long; (4) the cheek teeth are higher

crowned; (5) the P2-M 2 hypoconal grooves close

in early late wear (secondarily derived); and (6)

the P2 _4 ectoflexids are shallow in early to early

moderate wear, not penetrating the isthmuses be-

tween the metaconids and metastylids.
“

Dinohip-

pus ” leardi is apomorphic to Astrohippus by hav-

ing the following character states: (1) larger size;

(2) the posteriormost point of the nasal notch is

dorsal to the P2 or deeper; (3) the relative PBL is

long; and (4) the P2-M 2 hypoconal grooves close

in early late wear (secondarily derived). Astrohip-

pus is apomorphic to “D.” leardi by having the

following character states: (1) the DPOFand ma-
lar fossa are confluent; (2) the malar fossa is com-
partmentalized; and (3) the P2-M 2 have moderate-

ly well-developed protostylids.
“ Dinohippus ” in-

terpolatus and Dinohippus s. s. are apomorphic to

“D.” leardi by having the following character

states: (1) the relative depth of the DPOFis shal-

low (secondarily derived); (2) the DPOF lacks a

posterior pocket (secondarily derived); and (3) the

P2-M 2 hypoconal grooves are open to near the

base of the crowns. Dinohippus s. s. is further

apomorphic to “D.” leardi by lacking a malar fos-

sa (secondarily derived). The morphological evi-

dence indicates that “D.” leardi cannot be referred

to Dinohippus s. s., Pliohippus s. s., Heteroplioh-

ippus s. s., or Astrohippus s. s. without resulting

in paraphyly. This conclusion is also supported by

the analyses presented below, wherein “D.” leardi

is regarded as the closest sister taxon to the Di-

nohippus-Equus plus Onohippidium-Hippidion
clades.

The cheek teeth of
“ Dinohippus ” leardi are very

similar in size and occlusal morphology to those of

the early Hemphillian “ Dinohippus ” spectans

(Merriam et ah, 1925; Matthew and Stirton, 1930;

Macdonald, 1959; Shotwell, 1970; Tedford et al.,

1987).
“ Dinohippus ” spectans differs from “D.”

leardi by having the following characteristics: (1)
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the crowns of the upper cheek teeth are not notably

tapered; and (2) the P3-M 2 hypoconal grooves close

at a slightly later wear stage, during middle late

wear. As noted above, “D.” spectans is only known
from dental specimens. If future discoveries deter-

mine that the facial morphology of “D.” spectans

is similar to that of “D.” leardi, then “D.” spectans

would be referable to the same generic clade as

“D.” leardi.

PHYLOGENETICSYSTEMATICSOF THE
EQUINI ANDRELATEDHORSES

In recent years, investigators have used cladistic

analyses to clarify the phylogenetic systematics of

the North American Equinae (e.g., MacFadden,
1984b; Webb and Hulbert, 1986; Hulbert, 1987,

1988a, 1988b, 1989; Evander, 1989; Hulbert and

MacFadden, 1991; Kelly, 1995; Prado and Alberdi,

1996). In particular, the cladistic analyses presented

by Hulbert (1987, 1989), Hulbert and MacFadden

(1991), and Kelly (1995) have significantly in-

creased our understanding of the phylogenetic re-

lations of late Neogene mesodont and hypsodont

horses. Most of the character states that Hulbert

(1988b, 1989), Hulbert and MacFadden (1991),

and Kelly (1995) used in their cladistic analyses of

various equid taxa appear valid, but a few require

additional discussion. They determined the char-

acter states for the depths of the DPOFand malar

fossa by using the absolute depths in millimeters of

the fossae from the surface of the face. This pre-

sents a problem because it does not address isom-

etry or allometry (Kurten, 1988). For example, if

an equid lineage significantly increases in overall

size through time and the depths of the fossae re-

main proportional to this size increase, then the ab-

solute fossae depths would differ between taxa

within the lineage even though the fossae depths

relative to the size in all taxa remained the same.

An opposite scenario presents a similar problem. If

an equid lineage significantly increases in overall

size through time, but the absolute depths of the

fossae remain the same through time, then all taxa

within the lineage would be rated as equal in fossae

depths even though the fossae depths became rela-

tively shallower with increased size. To address

these problems, the relative depths of the fossae

were used herein as character states for fossa depth

instead of the absolute depths, wherein the relative

depth is the ratio of the fossa depth to the UTRL.
Similarly, the relative heights of the DPOFwere

used as character states for fossa height instead of

absolute heights, wherein the relative height is the

ratio of the D-V height (measured at the center of

the fossa) to the URTL.
In the cladistic analyses of Hulbert (1987), Hul-

bert and MacFadden (1991), and Kelly (1995),

characters with three or more character states were

regarded as transformational morphocline sequenc-

es. Thus, in these analyses, the character states of

multistate characters were treated as additive,

wherein character state transformations must occur

in sequential order. Because there is no evidence

that character state transformations must occur in

sequential order, all analyses presented herein were
performed with multistate characters treated as

nonadditive; that is, any state is allowed to trans-

form to any other state.

Hulbert (1989), Hulbert and MacFadden (1991),

and Kelly (1995) included
“
Merychippus ” gunteri

Simpson, 1930, and “
Merychippus ” primus Os-

born, 1918, in their cladistic analyses. They con-

cluded from their analyses that “M.” gunteri and
“M.” primus are successive sister taxa to all other

“merychippine-grade” and hypsodont horses.
“
Merychippus ” primus was included in the analysis

presented herein to help clarify the character state

transformations from “
Parabippus ” to the other

“merychippine-grade” and hypsodont horses. How-
ever, “M.” gunteri was not included in the analyses

presented herein because, if added to the analyses,

its position in the resulting cladograms was identi-

cal to those presented by Hulbert (1989), Hulbert

and MacFadden (1991), and Kelly (1995) and its

inclusion did not add significantly to the under-

standing of character state transformations in the

Equinae.

To determine the phylogenetic relations of the

species of Acritohippus, “ Pliohippus ” Pliobippus s.

s., and “
Dinobippus ” from California, a cladistic

analysis was preformed using the characters pre-

sented in Appendix C and the character state ma-
trix presented in Appendix D. Except as noted

above, the polarities and descriptions of all of the

characters and character states of Appendix C have

been discussed in detail by other investigators (e.g.,

Skinner and Taylor, 1967; MacFadden, 1984a,

1984b, 1992, 1997; Hulbert, 1987, 1988a, 1989;

Hulbert and MacFadden, 1991; Hermanson and

MacFadden, 1992; Kelly, 1995). Included in the

analysis were Acritohippus stylodontus, “ Pliohip-

pus ” tebonensis, “ Dinobippus ” leardi, and “Dmo-
hippus” interpolatus plus representative species of

Acritohippus, Hipparionini, Protohippini, and

Equini (Appendix D). Following Hulbert and

MacFadden (1991) and Kelly (1995),
“

Parabippus
”

leonensis was selected as the outgroup. Acritohip-

pus tertius was used as the representative of Acri-

tohippus because it is the oldest known and most

plesiomorphic species of the genus (Hulbert and

MacFadden, 1991; Kelly, 1995). The type species

of Parapliohippus, Heteropliobippus, and Dinohip-

pus s. s. were selected because these genera are

monospecific. Pliobippus pernix was selected as the

representative of Pliohippus because it is the type

species and its facial and dental morphology is well

known (Webb, 1969; Kelly, 1995). Astrohippus sto-

ckii (Lance, 1950) was used as the representative

of Astrohippus because it is the only species of the

genus for which the facial morphology is well

known (MacFadden, 1984b). Representatives of

the Protohippini included Protohippus perditus

(Leidy, 1858), one of the best known early repre-
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sentatives of the genus, and
“ Merychippus ” inter-

montanus (Merriam, 1915), which has been iden-

tified as the most plesiomorphic protohippine (Hul-

bert, 1988a; Hulbert and MacFadden, 1991; Kelly,

1995). Representatives of the Hipparionini includ-

ed Merychippus insignis Leidy, 1857,
“ Mery chip

-

pus ” color adense (Osborn, 1918), and
“

Merychip-

pus ” goorisi (MacFadden and Skinner, 1981).
“ Merychippus ” coloradense and “M.” goorisi have

been previously identified as the closest sister taxa

to the Neohipparion-Pseudhipparion and Cormo-
hipparion-Nannippus clades, respectively (Kelly,

1995). “Dinohippus” mexicanus was also included

in the analysis to help clarify the relationship of

Dinohippus to Equus. Equus simplicidens (Cope,

1892) was used as the representative of Equus be-

cause it is the oldest known and least derived spe-

cies of the genus (Winans, 1985; Azzaroli and

Voorhies, 1993; Kelly, 1994, 1995, 1997; Downs
and Miller, 1994).

Analysis of Appendix D produced two equally

parsimonious cladograms of 125 steps with consis-

tency indices of 0.55 and retention indices of 0.67

(Fig. 9). Both cladograms support the following

conclusions: (1) the protohippines and hipparioni-

nes are more closely related to each other than they

are to any of the other in-group taxa analyzed and,

together, they are the closest sister group to Acri-

tohippus plus the Equini; (2) Parapliohippus carri-

zoensis is a generically distinct clade that is the sis-

ter taxon to Pliohippus and all other Equini; (3)
“

Pliohippus ” tehonensis and Heteropliohippus hul-

herti form a clade that is the closest sister group to

Astrohippus plus
“ Dinohippus ” leardi and the Di-

nohippus-Equus clade; (4)
“ Dinohippus ” leardi is a

generically distinct clade that is the closest sister

taxon to the Dinohippus-Equus clade; and (5) “Di-

nohippus” interpolatus, Dinohippus leidyanus, and
“ Dinohippus ” mexicanus are successive sister taxa

to Equus and together these taxa comprise the Di-

nohippus-Equus clade. The cladograms differed in

that one (Fig. 9 A) placed Acritohippus tertius and

Acritohippus stylodontus in a clade while the other

(Fig. 9B) placed A. tertius, A. stylodontus, and the

ancestor of the Equini in a trichotomy, making Ac-

ritohippus paraphyletic.

If one assumes that a trichotomous speciation

event did occur, then Acritohippus tertius and A.

stylodontus represent two separate clades of generic

rank. However, the diagnostic characters that dif-

ferentiate A. stylodontus from other species of Ac-

ritohippus are minor (Table 2), certainly not

enough to justify separate generic status by any

standard equid taxonomic criteria. Furthermore,

computer-generated most parsimonious cladograms

are based on the least number of steps to yield a

phylogenetic hypothesis without regard to the bio-

logical probability of a particular scenario or any

stratigraphic evidence. Phylogenetic hypotheses

that include trichotomies are generally regarded by

most cladists as improbable (Hull, 1979). The prin-

ciple of dichotomy is essential to cladistic method-

ology, as first put forth by Hennig (1966, p. 210),

wherein he stated that “a priori it is very improb-

able that a stem species actually disintegrates into

several daughter species at once.” Other investiga-

tors have also supported this concept. Platnick and

Nelsen (1978, p. 10) stated that “trichotomous

cladograms are of no significance as tests (or as ini-

tial hypotheses) unless the cladograms for all avail-

able test groups are trichotomous.” Platnick and

Nelsen (1978) further considered that the only way
for a trichotomy to represent a genuine trichotomy

is if a single ancestor gave rise simultaneously to

three daughter species as a result of a synchronous

tripartite biogeographic disconnection.

In order for the trichotomy proposed in clado-

gram B (Fig. 9) to represent a genuine trichotomy,

the following assumptions appear to be necessary:

( 1 )
the stem ancestor of Acritohippus tertius, A. sty-

lodontus, and the ancestor of Parapliohippus plus

the Equini was widely distributed prior to about

17.5 Ma from at least the West Coast to the Great

Plains; and (2) a tripartite vicariance event occurred

sometime prior to the first appearance of these taxa

that resulted in the stem ancestor speciating simul-

taneously into three daughter species. Although

possible, the trichotomy scenario does not seem

likely considering the fact that simultaneous tripar-

tite vicariance events have never been unequivocal-

ly documented (Bonde, 1975; Hull, 1979). Further-

more, the stratigraphic evidence does not appear to

support the simultaneous speciation of A. tertius,

A. stylodontus, and the ancestor of the Equini. Ac-

ritohippus tertius, the earliest known species of Ac-

ritohippus, and Parapliohippus carrizoensis, the

earliest known unequivocal member of the Equini,

first appear in the fossil record during the late Hem-
ingfordian at about 17.5 Ma (Hulbert and Mac-
Fadden, 1991; Kelly, 1995). Acritohippus stylodon-

tus first appears in the fossil record during the early

Barstovian at about 15.9 Ma (Woodburne et al.,

1990). Thus, A. tertius and P. carrizoensis appear

in the fossil record about one and a half million

years before A. stylodontus. If A. tertius, A. stylo-

dontus, and the ancestor of P. carrizonensis plus the

Equini were simultaneously derived from a com-

mon ancestor, it is interesting that A. stylodontus

has never been recovered from the late Hemphillian

deposits. Although this could just be the result of

an incomplete fossil record, it suggests that A. sty-

lodontus evolved after the speciation events that

yielded A. tertius and P. carrizoensis. Assuming the

stratigraphic record actually approximates the first

appearances of these taxa, and considering the mi-

nor morphological differences that distinguish A.

stylodontus from A. tertius (increased size, slightly

less complex fossette plications, and protocones

that connect with the protolophs in slightly earlier

wear), a scenario in which A. stylodontus was de-

rived from A. tertius or a similar ancestral morpho-

type during the early Barstovian appears reason-

able.

Of the two competing equally parsimonious hy-
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Figure 9. Two equally most parsimonious cladograms of 125 steps with consistency indices of 0.55 and retention indices

of 0.67 using the character state matrix presented in Appendix D. As explained in text, cladogram A is preferred over

cladogram B. The cladograms are supported by the following list of hypothesized ancestral synapomorphies. Number to

left of period denotes character number and to right of period character state of hypothesized ancestor. Cladogram A—
Node 1: 16.1; 17.1; 19.2; 21.1; 23.1; 25.1; 26.2; 30.1; 36.1; 37.1; 38.1. Node 2: 3.1; 17.2; 35.1; 37.3. Node 3: 7.1; 9.2;

22.2; 32.1. Node 4, Protohippini: 10.1; 16.2; 18.2; 29.1; 33.1; 34.1. Node 5, Hipparionini: 19.3; 20.3; 23.2; 26.1; 36.2.

Node 6: 10.1; 18.1; 22.3; 24.1; 29.0; 37.2. Node 7: 6.1; 18.1; 22.1. Node 8, Acritohippus: 8.2; 9.1; 12.0; 13.1; 15.0;

20.2. Node 9, Equini: 5.1; 8.1; 12.1; 19.0; 20.0; 34.1. Node 10: 14.1; 15.0; 16.2; 26.3; 31.1; 38.3. Node 11: 7.1; 9.1;

13.1; 29.1. Node 12: 20.1; 32.1. Node 13: 30.2; 31.2. Node 14: 1.2; 10.2; 37.4. Node 15: 5.0; 9.0; 26.0; 40.1. Node
16: 6.0; 8.0; 21.0. Node 17: 18.2. Cladogram B—Node 1: 16.1; 17.1; 19.2; 21.1; 23.1; 25.1; 26.2; 30.1; 36.1; 37.1;

38.1. Node 2: 3.1; 17.2; 35.1; 37.3. Node 3: 7.1; 9.2; 22.2; 32.1. Node 4, Protohippini: 10.1; 16.2; 18.2; 29.1; 33.1;

34.1. Node 5, Hipparionini: 19.3; 20.3; 23.2; 26.1; 36.2. Node 6: 10.1; 18.1; 22.3; 24.1; 29.0; 37.2. Node 7: 6.1; 8.2;

9.1; 15.0; 18.1; 20.2; 22.1. Node 8, Equini: 5.1; 8.1; 12.1; 19.0; 20.0; 34.1. Node 9: 14.1; 16.2; 26.3; 31.1; 38.3. Node
10: 7.1; 9.1; 13.1; 29.1. Node 11: 20.1; 32.1. Node 12: 30.2; 31.2. Node 13: 1.2, 10.2, 37.4. Node 14: 5.0, 9.0; 26.0;

40.1. Node 15: 6.0; 8.0; 21.0. Node 16: 18.2.

potheses (Fig. 9), cladogram A is preferred over

cladogram B because it does not require a trichot-

omous speciation event. Therefore, Acritohippus is

tentatively regarded as a monophyletic lineage,

which is characterized by the synapomorphies list-

ed for node 8 of cladogram A (Fig. 9). Acritohippus

is also regarded as the closest sister taxon to the

Equini.

To determine the relationships of the species of

Pliohippus s. s., a cladistic analysis was preformed

using the character states listed in Appendix C and
the character state matrix in Appendix E. Included

in the analysis were all the equine taxa analyzed

above plus Pliohippus mirabilis, P. nobilis, P. tan-

talus, P. fossulatus, and P. cf. P. fossulatus (Appen-

dix E). The protohippines, hipparionines, Acrito-

hippus, and “
Merychippus ” primus were not in-

cluded because, if added, the resulting cladogram

typologies were identical to those of the analysis of

Appendix D and did not provide any additional in-

sights into their phylogenetic relationships.
“

Para

-

hippus ” leonensis was used as the outgroup.

The analysis of Appendix E resulted in 24 equal-

ly parsimonious cladograms of 81 steps with con-

sistency indices of 0.70 and retention indices of

0.76. A strict consensus of the 24 cladograms is
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presented in Fig. 10 along with the supporting syn-

apomorphies. These synapomorphies are consistent

in all 24 cladograms. The strict consensus clado-

gram shows that the basic typology of the 24 clado-

grams remained consistent, with only the positions

of four species of Pliohippus s. s. being unresolved.

The strict consensus cladogram supports all the

conclusions regarding the phylogenetic relation-

ships of the Equini derived in the prior analysis

(Fig. 9). The analysis of Appendix E also supports

the following additional conclusions: (1) the species

of Pliohippus s. s. (P. mirabilis, P. pernix, P. nobilis,

P. tantalus, P. fossulatus, and P. sp. cf. F. fossulatus)

form a clade whose interrelationships remain large-

ly unresolved; and (2) Pliohippus fossulatus and F.

sp. cf. F. fossulatus form a clade within Pliohippus

s. s. The problem in determining the relations of

the species of Pliohippus s. s. is apparently a result

of the rather homogeneous dental morphology ex-

hibited by most species of the genus and the fact

that some character states are unknown or unde-

scribed for certain species (F. nobilis, P. tantalus, P.

fossulatus, F. sp. cf. F. fossulatus ). In particular, the

cranial morphology of F. tantalus is unknown. As
noted above, the dental morphology of F. tantalus

is indistinguishable from that of F. sp. cf. F. fossu-

latus. If these taxa are actually synonymous, then

resolution of the relations of the species of Pliohip-

pus s. s. would certainly be facilitated. However,

determination of any synonymy must await the dis-

covery of topotypic specimens of F. tantalus that

have the facial morphology preserved. In spite of

these difficulties, the analysis confirms that Pliohip-

pus s. s., as recognized herein, is a monophyletic

lineage. The analysis also clearly indicates that the

genus is in need of an alpha-level revision.

Hulbert (1988a, 1989) and Hulbert and Mac-
Fadden (1991) tentatively regarded the protohippi-

nes as more closely related to the equines than the

hipparionines and referred them to the tribe Equini,

subtribe Protohippina. Kelly and Lander (1988) and

Kelly (1995) tentatively regarded the protohippines

as a clade of tribal rank that is more closely related

to the Hipparionini than the Equini. The analysis

(Fig. 9) indicates that the protohippines and Hip-

parionini are united by the following hypothesized

ancestral synapomorphies: (1) the relative height of

the DPOF is narrowed dorsoventrally; (2) the pos-

terior margin of the DPOFhas a pronounced rim

and shallow pocket; (3) the P3-M 2 protocone shape

is an elongated oval; (4) the P2 " 4
plis caballin are well

developed in early to moderate wear, worn away in

late wear; and (5) the P2-M 2 protostylids are mod-
erately well developed. The analysis suggests that a
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Figure 10. Strict consensus of 24 equally most parsimonious cladograms of 81 steps with consistency indices of 0.70

and retention indices of 0.76 using the character state matrix presented in Appendix D. The cladogram is supported by

the following list of hypothesized ancestral synapomorphies. Number to left of period denotes character number and to

right of period character state of hypothesized ancestor. Node 1: 3.1; 5.1; 6.1; 8.1; 9.3; 12.1; 15.1; 18.1; 19.0; 20.0;

21.1; 22.1; 23.1; 25.1; 30.1; 34.1; 35.1; 36.1. Node 2: 14.1; 15.0; 16.2; 17.2; 26.3; 31.1; 34.1; 37.3; 38.3. Node 3:

10.1; 21.2; 27.1; 28.1. Node 4: 1.1; 2.1; 4.1; 22.0; 23.0. Node 5: 7.1; 9.1; 13.1; 29.1. Node 6: 20.1; 32.1. Node 7: 30.2;

31.2. Node 8: 1.2; 10.2; 37.4. Node 9: 5.0; 9.0; 26.0; 40.1. Node 10: 6.0; 8.0; 21.0. Node 11: 18.2.

basal dichotomy occurred during the initial radiation

of “merychippine-grade” horses, wherein one lineage

included the protohippines and Hipparionini and the

other included Acritobippus and the Equini. As such,

the protohippines are removed from the tribe Equini,

subtribe Protohippina, and restored to the tribe Pro-

tohippini.

The cladistic analyses presented by Kelly (1995)

placed Pliobippus, Heteropliohippus, and Astrohip-

pus in a clade that was regarded as the closest sister

group to the Dinohippus-Equus plus Onohippi-

dium-Hippidion clades. Kelly (1995) noted similar-

ities in the dentition of Heteropliohippus hulberti

and
“

Pliobippus ” tebonensis but did not include

“P.” tebonensis in his analyses. With the addition

of “P.” tebonensis in the cladistic analyses presented

here, H. bulberti and “P.” tebonensis form a clade

that is united by the following synapomorphies: (1)

the M1-2 protocones connect with the protolophs in

very early wear; and (2) the P2-M2 protostylids are

moderately well developed (reversal). The cladistic

analyses also indicate that the Pliobippus s. s. and

H. bulberti-“P 1” tebonensis clades represent succes-

sive sister groups to all other hypsodont equines

analyzed
(
Astrohippus

,

“ Dinohippus ” leardi, “ Di

-

nohippus” interpolatus,
u

Dinohippus'” mexicanus,

Dinohippus s. s., and Equus). Because the facial

morphology of “P.” tebonensis is unknown, many
character states for this species could not be deter-

mined. Therefore, any conclusions regarding the

phylogenetic relations of “P.” tebonensis to other

clades within the Equini must be viewed as very

tentative. Nevertheless, “P.” tebonensis can be eas-

ily distinguished from species of Pliobippus s. s. by

numerous dental characteristics (see above).

Although the hippidiform horses Onobippidium

and Hippidion were not included in the cladistic

analyses presented herein, a discussion of these gen-

era is warranted. The taxonomic status of Onobip-

pidium is controversial. Alberdi and Prado (1993)

regarded Onobippidium as a junior synonym of

Hippidion and considered Hippidion a strictly South

American lineage that evolved from Equus after the

Great American Interchange (Webb, 1978) at about

3.0 Ma. In a later paper, Prado and Alberdi (1996)

continued to regard the South American Onohippi-

dium as synonymous with Hippidion but concluded

that Hippidion is the sister taxon to their hypothe-

sized Dinohippus- Astrohippus-Equus clade. Mac-

Fadden and Skinner (1979) described Onobippidium
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galushi from the late Hemphillian Big Sandy For-

mation of Arizona. Prado and Alberdi (1996) re-

ferred this species to “Onohippidium” galushi be-

cause they regarded it as unrelated to the South

American Hippidion. However, MacFadden and

Skinner (1979) and MacFadden (1997) provided

convincing evidence that Onohippidium is a valid

genus that originated in North America during the

late Miocene and dispersed to South America during

the Pliocene. They regarded O. galushi to be closely

related to the South American Onohippidium be-

cause they both exhibit the following derived char-

acters: (1) retracted nasal notch; (2) elongated nasal

bones; and (3) a weak or absent malar fossa (sec-

ondarily derived). In spite of a growing body of ev-

idence (e.g., Bernor et al., 1980; MacFadden, 1984b;

Evander, 1985, 1989; Hulbert, 1989; Hulbert and

MacFadden, 1991; Kelly, 1995), Prado and Alberdi

(1996) reject the systematic utility of facial fossae

morphology to diagnose genera. However, Mac-
Fadden (1997) noted that the South American spe-

cies of Onohippidium and O. galushi share a unique

preorbital fossa morphology, wherein the DPOFis

doubled (that is, it is divided into anterior and pos-

terior portions by a ridge of bone with the posterior

portion well developed and pocketed posteriorly).

MacFadden and Skinner (1979) referred two lower

dentitions from North America to Hippidion; one

from the early Hemphillian portion of the Ogallala

Group, Texas, and the other from the Irvingtonian

portion of the Palm Springs Formation, California.

If the Texas specimen is correctly referred to Hippi-

dion, then this genus would appear to have also orig-

inated in North America during the late Miocene

(MacFadden, 1997).

Based on cladistic analyses, the following hypoth-

eses have been proposed for the phylogeny of the

Onohippidium-Hippidion clade: (1) it is the sister

group to the Dinohippus-Astrohippus-Equus clade

(Prado and Alberdi, 1996); (2) it is the sister group

to the Pliohippus s. /. clade (MacFadden, 1997); and

(3) it is the sister group to the Dinohippus-Equus

clade (Hulbert, 1989, 1993; Kelly, 1995).

Prado and Alberdi (1996) performed their cladis-

tic analysis of the Equini using 20 characters (two

appendicular, seven cranial, and 11 dental). Their

analysis included representative species of Protohip-

pus, Calippus, Pliohippus, Hippidion, Onohippi-

dium, Dinohippus, and Equus. They concluded from

their analysis that Pliohippus, Hippidion (= South

American Onohippidium and Hippidion ),

“
Dinohip

-

pus ” interpolatus, Onohippidium galushi, Dinohip-

pus leidyanus, Astrohippus, and “
Dinohippus ” mex-

icanus are successive sister taxa to Equus. However,

their conclusions are doubtful because their analysis

contained several fundamental flaws.

In Prado and Alberdi’s (1996) analysis, several

characters have questionable character state polar-

ities resulting from incorrect or unclear outgroup

comparisons. They used Merychippus as the out-

group for some characters and the Hippotheriini (

=

Hipparionini of other investigators, e.g., Hulbert

and MacFadden, 1991) for others. They stated that

Hulbert (1989) and Hulbert and MacFadden
(1991) regarded Merychippus as the closest sister

taxon to the Equini plus Hipparionini. However,

Hulbert (1989) and Hulbert and MacFadden
(1991) regarded

“ Merychippus ” primus as the clos-

est sister taxon to the Equini plus Hipparionini.
“ Merychippus ” primus has been demonstrated not

to belong to Merychippus s. s., as typified by the

hipparionine M. insignis (Hulbert, 1989; Hulbert

and MacFadden, 1991; Kelly, 1995). Prado and Al-

berdi (1996, fig. 1) showed the chronological dis-

tribution of their Merychippus outgroup as early

Barstovian; however, “M.” primus is known from

the late Hemingfordian. This leaves doubt as to

whether Prado and Alberdi (1996) used “M.” pri-

mus as their outgroup or some other species that

Hulbert (1989) and Hulbert and MacFadden
(1991) referred to

“ Merychippus ” or Merychippus

s. s. Furthermore, they did not use their concept of

a Merychippus outgroup consistently but often

used the Hipparionini as the outgroup to determine

character state polarities. For example, Prado and

Alberdi (1996, p. 669) used the following three

character states for their character 13 (depth of the

P3^ ectoflexids): 0, shallow; 1, moderate but with-

out penetrating the isthmus between the metaconid

and metastylid; and 2, deep, penetrating the isth-

mus between the metaconid and metastylid. In their

outgroup comparison for character 13, they stated

that all Hippotheriini (= Hipparionini) have a shal-

low ectoflexid, which they regarded as primitive.

They also stated that character 13 varies with wear

but did not state at what wear stage they made their

comparisons. Furthermore, they rated their Mery-

chippus outgroup as shallow (character state 13.0)

and Protohippus supremus, Protohippus perditus,

and Pliohippus mirahilis as moderate but not pen-

etrating the isthmus (character state 13.1). How-
ever, in early to early moderate wear, “M.” primus

and the hipparionines M. insignis, “M.” goorisi,

and Hipparion shirley ae MacFadden, 1984a, have

deep P3_4 ectoflexids, completely penetrating the

isthmuses between the metaconids and metastylids,

and Protohippus supremus, Protohippus perditus,

and Pliohippus mirahilis have ectoflexids that par-

tially penetrate the isthmuses (Hulbert, 1989; Hul-

bert and MacFadden, 1991; Kelly, 1995). In certain

derived hipparionines, e.g., Cormohipparion occi-

dental, the P3 _4 ectoflexids are shallow, not pene-

trating the isthmuses even in early wear. This char-

acter should only be compared during early to early

moderate wear because all of these species exhibit

shallow P3^ ectoflexids in late wear. Thus, it ap-

pears that Prado and Alberdi (1996) incorrectly re-

garded shallow P3 _4 ectoflexids as primitive because

they apparently used the more derived species of

the Hipparionini for their outgroup comparison.

Depending on the wear stage, which was not stated

in their analysis, they may have also incorrectly rat-

ed P. supremus, P. perditus, and P. mirahilis as hav-
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ing P3^ ectoflexids that do not penetrate the isth-

muses between the metaconids and metastylids.

In Prado and Alberdi’s (1996) cladistic analysis,

the character states of certain characters were sim-

plistic and did not provide a clear understanding of

the character state transformations. For example,

even though the taxa they analyzed have unworn
molar crown heights that vary from about 30 to 70

mm, they used only two character states for crown
height (0, less than 28 mm; 1, equal to or greater

than 28 mm). Similarly, they used only two char-

acter states for the internal fossette plications (0,

simple; 1, multiple) and for the connection of the

protocone to the protoloph (0, isolated; 1, con-

nected). Prado and Alberdi (1996) stated that the

protocone is isolated from the protoloph in all Hip-

potheriini (= Flipparionini) species and inferred

that all equine species have the protocone connect-

ed to the protoloph. However, simply stating that

the protocone is either isolated or connected does

not adequately describe the character state distri-

bution of this character. In
“
Merychippus ” primus

,

the P3-M 2 protocones connect with the protolophs

in early wear. In the hipparionines Merychippus in-

signis, “Merychippus” coloradense, and Hipparion

shirleyae, the P3-M 2 protocones connect to the pro-

tolophs in late moderate wear, and in “M.” goorisi

they connect during late wear. In the more derived

hipparionines, e.g., Hipparion forcei Richey, 1948,

the P3-M 2 protocones connect with the protolophs

in very late wear. Thus, the timing of the protocone

connection is significant in determining the char-

acter state transformation of this character. Prado

and Alberdi (1996) stated that they compared spec-

imens of similar wear stage for this character but

did not state what this wear stage was. Further-

more, the assumption that isolated protocones are

the primitive state for this character is questionable

because
“

Parahippus ” leonensis and “M.” primus,

the presumed successive sister taxa to the Hippa-

rionini plus Equini (Hulbert and MacFadden,
1991; Kelly, 1995), possess protocones that connect

with the protolophs in moderate and early wear,

respectively.

In Prado and Alberdi’s (1996) analysis,
“ Dino

-

hippus” interpolatus, Onohippidium galushi, Di-

nohippus leidyanus, Astrohippus stockii, “Dinohip-

pus” mexicanus, and Equus simplicidens were unit-

ed by the single, putative synapomorphy of the

presence of a malar fossa. In the analysis, the char-

acter states for the malar fossa (their character 2)

were as follows: 0, absent or shallow; 1, present.

These character states imply that their malar fossa

character state of “present” means the malar fossa

depth is moderate to deep. They rated Protohippus

supremus, Protohippus perditus, Calippus placidus,

Calippus martini, D. leidyanus, “D” mexicanus,

and E. simplicidens as having a malar fossa present

(their character state 2.1) and P. mirabilis as having

the malar fossa absent or shallow (their character

state 2.0). However, P. supremus, P. perditus, C.

placidus, C. martini, D. leidyanus, “D” mexicanus,

and E. simplicidens lack a malar fossa and P. mi-

rabilis has a deep, well-developed malar fossa that

is pocketed posteriorly (Hulbert, 1988a, 1989; Hul-

bert and MacFadden, 1991; Kelly, 1995). The char-

acter state of the malar fossa for O. galushi seems

unclear because MacFadden (1997, p. 214) stated

that primitive species of Onohippidium have a

“well-developed malar fossa,” similar to those of

Pliohippus and Astrohippus, but he later stated in

the same paper (p. 217) that Onohippidium and
Hippidion are united by the synapomorphy of “no
malar fossa.” In the original description of O. gal-

ushi, MacFadden and Skinner (1979) did not men-
tion a malar fossa being present. However, from

their fig. 4 it appears that a shallow depression is

present on the malar. In the cladistic analyses pre-

formed by Hulbert (1987, 1989), he assigned the

character state for the malar fossa of O. galushi as

absent or variably present as a shallow depression.

Thus, it appears that a shallow malar fossa is pres-

ent in O. galushi. Assuming this is correct, then

Prado and Alberdi (1996) also incorrectly assigned

the malar fossa character state for O. galushi.

Therefore, out of the fifteen species that Prado and

Alberdi (1996) analyzed, at least eight, possibly

nine, had the character state for the malar fossa

incorrectly assigned. Thus, their conclusion that D.

leidyanus, “D.” mexicanus, “D.” interpolatus, O.

galushi, and E. simplicidens are united by the sin-

gle, putative synapomorphy of a malar fossa pres-

ent (their character state 2.1) is not supported by

the actual distribution of this character state. With

the invalidity of this synapomorphy, their conten-

tion that O. galushi is not closely related to the

South American Onohippidium is doubtful. Fol-

lowing MacFadden and Skinner (1979), Hulbert

(1987, 1989), and MacFadden (1997), I accept a

close relationship between O. galushi and the spe-

cies of South American Onohippidium because

they share the following synapomorphies: (1) an

elongated relative muzzle length, UDL >55% of

the UTRL (reversal); (2) malar fossa lacking or re-

duced to a shallow depression (reversal); (3) nasal

notch retracted to a point dorsal to the posterior

half of P3 or deeper; and (4) slender, elongated nasal

bones. Furthermore, the unique preorbital fossa

complex of O. galushi appears to be shared with

species of South American Onohippidium (Mac-

Fadden, 1997).

Based on a cladistic analysis, MacFadden (1997)

considered the Onohippidium-Hippidion clade to

be derived from some segment of the Pliohippus s.

1. clade (= Pliohippus plus Astrohippus ). He pro-

posed that a divergence occurred between the Di-

nohippus-Equus clade and the Pliohippus s. 1. clade

during the late Miocene, prior to 10 Ma, and that

the Pliohippus s. 1. clade then later gave rise to the

Onohippidium-Hippidion clade during the interval

of about 8 to 6 Ma. MacFadden (1997) regarded

Pliohippus, Astrohippus, Hippidion, and Onohip-

pidium to be united by the following hypothesized

synapomorphies: (1) the DPOFand malar fossa are
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very well developed; and (2) the upper cheek teeth

hypoconal grooves disappear with wear, forming

isolated hypoconal lakes. MacFadden (1997, p.

217) stated that the Onobippidium-Hippidion

clad e is united by the following synapomorphies

relative to the Pliobippus s. /. clade: (1) retraction

of the nasal notch; (2) persistently elongated nasal

bones; and (3) no malar fossa (reversal). The last

synapomorphy he listed for the Onobippidium-

Hippidion clade is somewhat confusing because

MacFadden (1997, fig. 15, node 5) also stated that

only Hippidion is derived relative to the Pliobippus

s. 1. clade by the “malar fossa absent or simplified.”

MacFadden (1997, fig. 15, node 6) further stated

that Hippidion is characterized by having the fol-

lowing autapomorphies: (1) DPOFvery reduced or

absent (reversal); and (2) very deep ectoflexids in

the lower cheek teeth (reversal).

MacFadden (1997) characterized the Dinobip-

pus-Equus clade as united by the following syna-

pomorphies: (1) DPOFreduced or absent; (2) ex-

panded protocone; and (3) intertubercular crest de-

veloped. Two of these synapomorphies (DPOF re-

duced or absent and intertubercular crest

developed) are present in the late Hemphillian
“ Di

-

nobippus ” interpolatus, Dinohippus leidyanus, and
“
Dinobippus ” mexicanus (MacFadden, 1984b; Az-

zaroli, 1988; Hermanson and MacFadden, 1992).

Elongated protocones occur in “D.” mexicanus and

Equus (Gazin, 1936; MacFadden, 1986); however,

the protocones of “D.” interpolatus and D. lei-

dyanus are not significantly elongated but oval in

shape (Azzaroli, 1988). In the Clarendonian rep-

resentatives of
“ Dinobippus ” (e.g., “D.” leardi ), the

DPOFis not greatly reduced or absent, the proto-

cones are oval (similar to those of Pliobippus), and

the development of the intertubercular crest is un-

known or has not been determined. Thus, the Di-

nobippus-Equus clade, as defined by MacFadden
(1997), cannot be traced back to the Clarendonian.

However, one of the problems of MacFadden’s

(1997) scenario of equine phylogeny is that he uses

the wastebasket taxon Pliobippus s. L, which in this

study would include Pliobippus, Heteropliobippus,
“

Pliobippus ” tebonensis, and Astrobippus.

Based on cladistic analyses, Hulbert (1989) and

Kelly (1995) regarded the Onobippidium-Hippi-

dion clade as the sister group to the Dinobippus-

Equus clade. Hulbert (1989) regarded the Onobip-

pidium-Hippidion and Dinobippus-Equus clades to

be united by the following hypothesized synapo-

morphies: (1) the nasal notch is retracted to a point

deeper than the P2
; (2) a broad PBL; (3) the malar

fossa is absent or variably present as a shallow de-

pression (reversal); and (4) large size, UTRL >140
mm. Kelly (1995) regarded the Onobippidium-Hip-

pidion and Dinobippus-Equus clades to be united

by the following hypothesized synapomorphies: ( 1

)

the DPOFhas a pronounced rim and is unpocketed

posteriorly (reversal); (2) the P3-4
plis caballin com-

mon but small and nonpersistent; and (3) the P3-

M2 hypoconal grooves are open to near the base of

the crowns. However, in Onobippidium galusbi,

presumed here to be an early hippidiform horse, the

DPOFhas a shallow posterior pocket and the P3-

M2 hypoconal grooves close in moderate wear.

Thus, two of Kelly’s (1995) synapomorphies, the

P3-M 2 hypoconal grooves are open to near the bas-

es of the crowns and the DPOFis unpocketed pos-

teriorly, cannot be used to unite the Onobippidium-

Hippidion clade with the Dinobippus-Equus clade.

In a 1993 paper, Hulbert regarded
“
Dinobippus

”

leardi as the closest sister taxon to the Dinobippus-

Equus clade plus the Onobippidium-Hippidion

clade.

Of the three phylogenetic hypotheses proposed

for the Onobippidium-Hippidion clade, Prado and

Alberdi’s (1996) scenario can be disregarded be-

cause their cladistic analysis was fundamentally

flawed. Assuming that Onobippidium galusbi is an

early hippidiform horse, then determining whether

it is more closely related to
“ Dinohippus ” leardi

and the Dinobippus-Equus clade or the Pliobippus

s. 1. clade ( Pliobippus s. s., Heteropliobippus, and

Astrobippus) would help to clarify the relationships

of the Onobippidium-Hippidion clade. A compar-

ison between O. galusbi and
“ Dinobippus ” inter-

polatus, “D” leardi, Astrobippus, Heteropliobip-

pus, and Pliobippus s. s. was performed using the

character states listed in Appendix C and the hy-

pothesized character state transformations listed in

Fig. 10. This survey revealed the following (char-

acter number is to the left of the period and char-

acter state to the right of the period, r = hypothe-

sized reversal): (1) O. galusbi and Pliobippus s. s.

share 10 derived characters states (5.1, 6.1, 8.1,

19.0, 20.0, 22.1, 23.1, 25.1, 34.1, 36.1); (2) O.

galusbi and Heteropliobippus share 11 derived

character states (7.1, 8.1, 12. Or, 13.1, 19.0, 21.1,

22.1, 23.1, 25.1, 29.1, 36.1); (3) O. galusbi and

Astrobippus share 13 derived character states (5.1,

6.1, 7.1, 13.1, 19.0, 20.0, 21.1, 25.1, 29.1, 30.2,

31.2; 36.1; 39.1); (4) O. galusbi and “D.” leardi

share 17 derived character states (1.2, 6.1, 7.1, 8.1,

10.2. 13.1, 19.0, 20.0, 22.1, 23.1, 25.1, 29.1, 30.2,

31.2, 34.1, 36.1, 37.4); and (5) O. galusbi and “D.”

interpolatus share 20 derived character states (1.2,

6.1, 7.1, 8.1, 10.2, 12. Or, 13.1, 19.0, 20.0, 21.1,

22.1, 23.1, 25.1, 29.1, 30.2, 31.2, 34.1, 36.1, 37.4,

39.1). Based on shared derived character states, O.

galusbi is most closely related to “D.” interpolatus,

followed by, in descending order, “D.” leardi, As-

trobippus, Heteropliobippus, and Pliobippus s. s.

These data suggest that the Onobippidium-Hippi-

dion clade is the sister group to the Dinobippus-

Equus clade with “D.” leardi as the closest out-

group to both.

Based on the proposed phylogenetic relationships

of the Equinae presented by Hulbert (1993) and the

cladistic analyses presented above and those of

Hulbert (1989), Hulbert and MacFadden (1991),

and Kelly (1995), a phylogenetic tree showing the

hypothesized relationships of selected equid taxa is

presented in Fig. 1 1

.
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Figure 11. Hypothesized phylogenetic tree of selected North American equid taxa. Thick vertical line indicates geochron-

ologic occurrence of taxon. Anagenetic speciation event represented by @. Cladogenetic speciation event represented by

horizontal lines connecting taxa. Numerical ages of North American Land Mammal Ages (NALMA) from Woodburne
and Swisher (1995). Key to taxa: 1, “P arabippus” leonensis; 2,

“ Merychippus ” gunteri; 3,
“ Merychippus ” primus

;

4,

Acritohippus stylodontus

;

5, Acritohippus tertius; 6, Acritobippus isonesus; 7, Acritohippus quinni; 8, Parapliohippus

carrizoensis

;

9, Pliohippus mirabilis; 10, Pliobippus sp. cf. P. fossulatus; 11, Pliobippus fossulatus; 12, Pliohippus pernix;

13, Pliobippus nobilis; 14, Pliobippus tantalus; 15,
“

Pliohippus ” tehonensis; 16, Heteropliobippus hulberti; 17, Astro-

hippus; 18,
“
Dinohippus ” leardi

;

19,
“
Dinohippus ” interpolatus; 20, Dinohippus leidyanus; 21, “Dinohippus” mexicanus;

22, Equus simplicidens

;

23, Hippidion; 24, Onohippidium; 25, Protohippini; 26, Hipparionini.

CONCLUSIONS

Reevaluation of the cranial and dental morphol-

ogy of
“
Merychippus ” stylodontus from the Bar-

stow and Bopesta Formations of southern Califor-

nia and the cladistic analysis indicate that this spe-

cies is referable to Acritobippus. With inclusion of

this species, the phylogenetic relations of Acritobip-

pus are clarified. Based on the cladistic analysis pre-

sented herein, Acritobippus represents a clade of

probable tribal rank that is the closest sister group

to the Equini. Acritobippus underwent a modest ra-

diation during the late Hemingfordian to late Bar-

stovian with its greatest diversity occurring in the

early Barstovian (three species).

The upper part of the middle Miocene (early

Clarendonian) Mint Canyon Formation exposed in

the Soledad Basin of southern California has yield-

ed a partial skull and several lower dentitions of

Pliobippus. The Mint Canyon skull is morpholog-

ically most similar to a skull (UCMP 33481) from

Clarendon, Texas, that Stirton and Chamberlain

(1939) referred to Pliohippus fossulatus. However,

the Clarendon and Mint Canyon skulls appear to

represent a distinct species because they differ in

certain facial and cranial morphology from that of

the holotype of P. fossulatus. To distinguish the

Clarendon and Mint Canyon skulls from P. fossu-

latus, they are referred P. sp. cf. P. fossulatus.

Based on the cladistic analyses of Hulbert (1989),

Hulbert and MacFadden (1991), Kelly (1995), and

those presented herein, Pliohippus s.s. is regarded

as a monophyletic lineage represented by the fol-

lowing species: P. mirabilis, P. pernix, P. nobilis, P.

tantalus, P. fossulatus, and P. sp. cf. P. fossulatus.
“

Pliohippus ” tehonensis differs significantly in cer-

tain dental characters from species of Pliohippus s.

s. and is provisionally regarded as more closely re-

lated to Heteropliobippus hulberti than to Pliobip-
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pus s. s. The H. hulberti-“P” tebonensis clade is

hypothesized as the closest sister group to Astro-

bippus plus the
“ Dinobippus ” leardi, Dinobippus-

Equus, and Onohippidium-Hippidion clades.

Cranial specimens of
“ Dinobippus ” leardi are

now recognized from the Clarendonian Black

Hawk Ranch Quarry. These specimens provide the

first knowledge of the facial morphology of this

species and allow a reevaluation of its systematic

status. Based on the analyses presented herein, “D.”

leardi is a genetically distinct clade that is the clos-

est sister taxon to the Dinob ippus-Equus plus Ono-
hippidium-Hippidion clades.

“ Dinobippus ” interpolatus, Dinobippus leidyan-

us, and
“ Dinobippus ” mexicanus are regarded as

successive sister taxa to Equus, and together these

taxa comprise the Dinob ippus-Equus clade. Ono-
bippidium galusbi from the late Hemphillian of

North America is regarded as an early hippidiform

horse closely related to the South American species

of Onobippidium. The Onohippidium-Hippidion

clade is regarded as the sister group to the Dino-

bippus-Equus clade.

Based on the cladistic analyses of Kelly (1995)

and those presented herein, the protohippines are

regarded as one of the basal monophyletic lineages

that arose during the late Hemingfordian-early

Barstovian radiation of the Equinae. The protohip-

pines are also tentatively regarded as the sister

group to the Hipparionini. As such, the protohip-

pines are removed from the tribe Equini, subtribe

Protohippina, and reassigned to the tribe Protohip-

pini.

ACKNOWLEDGMENTS

I am indebted to Kirk Fitzhugh of the Natural History

Museum of Los Angeles County, Richard C. Hulbert, Jr.,

of the Georgia Southern University, Donald R. Prothero

of Occidental College, and Michael O. Woodburne of the

University of California at Riverside for their comments
and advice on the original draft of this report. Collections

at the University of California, Berkley, Museum of Pale-

ontology, the Natural History Museum of Los Angeles

County, and the University of California at Riverside were

made available by Patricia Holroyd, David P. Whistler,

and Michael O. Woodburne, respectively. Special thanks

are given to Samuel A. McLeod of the LACMfor making
specimens available for loan.

LITERATURECITED

Alberdi, M., and J. L. Prado. 1993. Review of the genus

Hippidion Owen, 1869 (Mammalia: Perissodactlya)

from the Pleistocene of South America. Zoological

Journal of the Linnean Society 108:1-22.

Azzaroli, A. 1988. On the equid genera Dinobippus

Quinn 1955 and Pliohippus Marsh 1874. Bollettino

della Societa Palaeontologica Italiana 27:61-72.
———

-. 1995. A synopsis of the Quaternary species of

Equus in North America. Bollettino della Societa Pa-

laeontologica Italiana 34:205-221.

Azzaroli A., and M. R. Voorhies. 1993. The genus Equus
in North America. The Blancan species. Palaeonto-

graphia Italica 80:175-198.

Berggren, W. A., D. V. Kent, C. C. Swisher III, and M.-P.

Aubry. 1995. A revised Cenozoic geochronology and

chronostratigraphy. In Geochronology time scales

and global stratigraphic correlation, eds. W. A. Berg-

gren, D. V. Kent, M.-P. Aubry, and J. H. Hardenbol.

Society for Sedimentary Geology, Special Publication

54, 129-212.

Bernor, R. L., M. O. Woodburne, and J. A. Van Covering.

1980. A contribution to the chronology of some Old

World Miocene faunas based on hipparionine hors-

es. Geobios 13:705-739.

Bode, F. D. 1934. Tooth characters of protohippine horses

with special reference to species from the Merychip-

pus zone, California. Carnegie Institution of Wash-

ington Publication 453:39-63.

Bonaparte, C. L. 1850. Conspectus systematis. Masto-

zoologiae, Editio altera reformata. Batavia: E. J.

Brill, 1 p.

Bonde, N. 1975. Origin of “higher groups”; viewpoints of

phylogenetic systematics. France, Centre National de

la Recherche Scientifique, Colloques Internationaux

218:293-324.

Buwalda, J. P. 1916. New mammalian faunas from Mio-

cene sediments near Tehachapi Pass in the southern

Sierra Nevada. University of California Publications,

Bulletin of the Department of Geology 10:75-85.

Byers, F. M., Jr. 1960. Geology of the Alvord Mountain

Quadrangle, San Bernardino County, California.

United States Geological Survey Bulletin 1089-A:1-

71.

Condit, C. 1938. The San Pablo Flora of west central Cal-

ifornia. Carnegie Institution of Washington Publi-

cation 476:217-268.

Cope, E. D. 1875. On some new fossil Ungulata. Pro-

ceedings of the Academy of Natural Sciences, Phil-

adelphia 27:259-260.

. 1879. Observations on the faunae of the Miocene

Tertiaries of Oregon. Bulletin of the United States

Geological and Geographical Survey of the Territo-

ries 5:55-69.

. 1880. A new Hippidium. American Naturalist 14:

223.

-. 1886. On two new species of three-toed horses

from the upper Miocene, with notes on the fauna of

the Ticboleptus beds. Proceedings of the American

Philosophical Society 23:357-358.
-. 1889. A review of North American species of

Hippotherium. Proceedings of the American Philo-

sophical Society 26:429-458.

. 1892. A contribution to the vertebrate paleontol-

ogy of Texas. Proceedings of the American Philo-

sophical Society 30:123-131.
—

. 1893. A preliminary report on the vertebrate pa-

leontology of the Llano Estacado. Fourth Annual

Report of the Geological Survey of Texas, 136 pp.

Dibblee, T. W., Jr. 1952. Geology of the Saltdale Quad-
rangle, California. California Division of Mines Bul-

letin 160:5-43.

Dougherty, J. F. 1940. A new mammalian fauna from Cal-

iente Mountain, California. Carnegie Institution of

Washington Publication 514:109-143.

Downs, T. 1956. The Mascall Fauna from the Miocene of

Oregon. University of California Publications in

Geological Sciences 31:199-354.

Downs, T., and G. J. Miller. 1994. Late Cenozoic equids

from the Anza-Borrego Desert of California. Natural

History Museum of Los Angeles County, Contribu-

tions in Science 440:1-90.

Contributions in Science, Number 473 Kelly: Miocene Horses of California 35



Drescher, A. B. 1941. Later Tertiary Equidae from the Te-

jon Hills, California. Carnegie Institution of Wash-

ington Publication 530:1-23.

Durham, J. W., R. H. Jahns, and D. E. Savage. 1954. Ma-
rine-nonmarine relationships in the Cenozoic section

of California. In Geology of southern California,

Part 3, Historical Geology, ed. R. H. Jahns. Califor-

nia Division of Mines and Geology Bulletin 170:59-

71.

Edwards, S. W. 1982. A new species of Hipparion (Mam-
malia, Equidae) from the Clarendonian (Miocene) of

California. Journal of Vertebrate Paleontology 2:

173-183.

Ehlert, K. W. 1982. Basin analysis of the Miocene Mint

Canyon Formation, southern California. In Ceno-

zoic nonmarine deposits of California and Arizona,

eds. R. V. Ingersoll and M. O. Woodburne. Society

of Economic Paleontologists and Mineralogists, Pa-

cific Section, 51-64.

Eisenmann, V., M. T. Alberdi, C. De Giuli, and U. Staes-

che. 1988. Vol. 1, Methodology. In Studying fossil

horses, eds. M. O. Woodburne and P. Sondaar. Lei-

den: E. J. Brill, 71 p.

Evander, R. L. 1985. Middle Miocene horses of North

America. Unpublished PhD dissertation. Columbia

University, 433 pp.
. 1989. Phylogeny of the family Equidae. In The

evolution of perissodactyls, eds. D. R. Prothero and

R. M. Schoch, 109-127. NewYork: Oxford Univer-

sity Press.

. 1996. Horses (Mammalia, Equidae) from the Bar-

stovian (Miocene) Anceney local fauna. Paludicola

1:1-4.

. 1997. The horses (Mammalia, Equidae) from Yer-

mo Quarry, California (Miocene, Barstovian). Palu-

dicola 1:67-79.

Farris, J. S. 1988. Hennig86, users manual version 1.5.

University of Michigan, Ann Arbor: Museumof Zo-

ology, 21 pp.

Frick, C. 1921. Extinct vertebrate faunas of the badlands

of Bautista Creek and San Timoteo Canyon, south-

ern California. University of California Publications,

Bulletin of the Department of Geology 12:277-424.

Gazin, C. L. 1936. A study of the fossil horse remains

from the upper Pliocene of Idaho. Proceedings of the

United States National Museum 83(2985):28 1—320.

Gidley, J. W. 1906. New or little known mammals from

the Miocene of South Dakota. Bulletin of the Amer-

ican Museum of Natural History 22:139.

. 1907. Revision of the Miocene and Pliocene Equi-

dae of North America. Bulletin of the American Mu-
seum of Natural History 23:865-934.

Gregory, W. K. 1920. Studies in comparative myology and

osteology, number 5, on the anatomy of the preor-

bital fossae of Equidae and other ungulates. Bulletin

of the American Museum of Natural History 42:

265-284.

Hennig, W. 1966. Phylogenetic systematics. Urbana: Uni-

versity of Illinois Press.

Hermanson, J. W., and B. J. MacFadden. 1992. Evolu-

tionary and functional morphology of the shoulder

region and stay-apparatus in fossil and extant horses

(Equidae). Journal of Vertebrate Paleontology 12:

377-386.

Hershey, O. H. 1902. Some Tertiary formations of south-

ern California. American Geologist 29:349-372.

Hesse, C. J. 1936. Lower Pliocene vertebrate fauna from

the Ogallala Formation (Laverne Zone) of Beaver

County, Oklahoma. Carnegie Institution of Wash-
ington Publication 476:47-72.

Hulbert, R. C. 1987. Phylogenetic systematics, biochron-

ology, and paleobiology of Late Neogene horses

(family Equidae) from the Gulf Coastal Plain and the

Great Plains. Ph.D. dissertation, University of Flori-

da, 570 pp.

. 1988a. Calippus and Protohippus (Mammalia,

Perissodactyla, Equidae) from the Miocene (Barsto-

vian-early Hemphillian) of the Gulf Coastal Plain.

Bulletin of the Florida State Museum, Biological Sci-

ences 32:221-340.
—

. 1988b. Cormohipparion and Hipparion (Mam-
malia, Perissodactyla, Equidae) from the late Neo-
gene of Florida. Bulletin of the Florida State Muse-

um, Biological Sciences 33:229-338.
—

. 1989. Phylogenetic interrelationships and evolu-

tion of North American late Neogene Equinae. In

The evolution of perissodactyls, eds. D. R. Prothero

and R. M. Schoch, pp. 178-196. Oxford Mono-
graphs on Geology and Geophysics, number 15.

New York: Oxford University Press, xii -I- 537 pp.
. 1993. Taxonomic evolution in North American

Neogene horses (subfamily Equinae): the rise and fall

of an adaptive radiation. Paleobiology 19:216-234.
—

. 1996. The ancestry of the horse. In Horses

through time, ed. S. L. Olsen, pp. 11-34. Boulder,

Colorado: Robert Rinehart Publisher, 122 pp.

Hulbert, R. C., and B. J. MacFadden. 1991. Morpholog-

ical transformation and cladogenesis at the base of

the adaptive radiation of Miocene hypsodont horses.

American Museum Novitates, number 3000:1-61.

Hull, D. L. 1979. The limits of cladism. Systematic Zo-

ology 28:416-440.

Jahns, R. H. 1940. Stratigraphy of the easternmost Ven-

tura Basin, California, with a description of new
lower Miocene mammalian fauna from the Tick

Canyon Formation. Carnegie Institution of Washing-

ton Publication 514:147-194.

James, G. T. 1963. Paleontology and nonmarine stratig-

raphy of the Cuyama Valley Badlands, California,

Part 1, Geology, faunal interpretations and system-

atic descriptions of Chiroptera, Insectivora, and Ro-

dentia. University of California Publications in Geo-

logical Sciences Bulletin 45:1-154.

Kelly, T. S. 1992. New middle Miocene camels from the

Caliente Formation, Cuyama Valley Badlands, Cali-

fornia. PaleoBios 13:1-22.

. 1994. Two Pliocene (Blancan) vertebrate faunas

from Douglas County, Nevada. PaleoBios 16:1-23.

—

. 1995. New Miocene horses from the Caliente

Formation, Cuyama Valley Badlands, California.

Natural History Museum of Los Angeles County,

Contributions in Science 455:1-33.

. 1997. Additional late Cenozoic (latest Hemphil-

lian to earliest Irvingtonian) mammals from Douglas

County, Nevada. PaleoBios 18:1-32.

Kelly, T. S., and E. B. Lander. 1988. Biostratigraphy and

correlation of Hemingfordian and Barstovian land

mammal assemblages, Caliente Formation, Cuyama
Valley area, California. In Tertiary tectonics and sed-

imentation in the Cuyama Basin, San Luis Obispo,

Santa Barbara, and Ventura Counties, California, ed.

W. J. M. Bazeley. Pacific Section, Society of Sedi-

mentary Geologists, Papers and Field Guide from the

Cuyama Symposium and Field Trip, 1-19.

—

. 1992. Miocene land mammal faunas from the

36 Contributions in Science, Number 473 Kelly: Miocene Horses of California



Caliente Formation, Cuyama Valley Badlands, Cali-

fornia. PaleoBios 14:3—8.

Kew, W. S. W. 1923. Geologic formations of a part of

southern California and their correlation. Bulletin of

the American Association of Petroleum Geologists 7:

127-159.

Kurten, B. 1988. On evolution and fossil mammals. New
York: Columbia University Press, xvii + 301 pp.

Lance, J. F. 1950. Paleontologia y Estratigrafia del Pli-

oceno de Yepomera, Estado de Chihuahua, 1 parte:

Equidos, excepto Neobipparion. Universidad Na-

cional Autonoma de Mexico, Boletin 54:1-82.

Lander, E. B. 1985. Early and middle Miocene continental

vertebrate assemblages, central Mojave Desert, San

Bernardino County, California. In Geological inves-

tigations along Interstate 15, Cajon Pass to Manix
Lake, California, ed. R. E. Reynolds. San Bernardino

County Museum, 127-144.

Leidy, J. 1856. Notices of some remains of extinct Mam-
malia, recently discovered by Dr. F. V. Hayden, in

the badlands of Nebraska. Proceedings of the Acad-

emy of Natural Sciences, Philadephia 8:59.

. 1857. Notices of extinct Vertebrata discovered by

F. V. Hayden, during the expedition to the Sioux

country under the command of Lieutenant G. K.

Warren. Proceedings of the Academy of Natural Sci-

ences, Philadelphia 3:311-312.

. 1858. Notice of remains of extinct vertebrata

from the valley of the Niobrara River. Proceedings

of the Academy of Natural Science, Philadelphia 4:

1-61.

. 1869. The extinct mammalian fauna of Dakota

and Nebraska. Journal of the Academy of Natural

Science, Philadelphia 7:1-472.

Lewis, G. E. 1964. Miocene vertebrates of the Barstow

Formation in southern California. United States

Geological Survey Professional Paper 475-D: 18-23.

. 1968. Stratigraphic paleontology of the Barstow

Formation in the Alvord Mountain area, San Ber-

nardino County, California. United States Geological

Survey Professional Paper 600-C:75-79.

Lindsay, E. H. 1972. Small mammals of the Barstow For-

mation, California. University of California Publi-

cations in Geological Sciences 93:1-104.

Linnaeus, C. 1758. Systema naturae per regna tria natu-

rae, secundum classis, ordines, genera, species, cum
characteribus, differentiis, synonymis, locis. Tomus I.

Editio decima, reformata. Stockholm, Laurentii Sal-

vii 1:1-824.

Loomis, D. P., and D. W. Burbank. 1988. The stratigraph-

ic evolution of the El Paso Basin, southern Califor-

nia: implications for the Miocene development of the

Garlock Fault and uplift on the Sierra Nevada. Geo-

logical Society of America Bulletin 100:12-28.

Macdonald, J. R. 1959. The middle Pliocene mammalian
fauna from Smiths Valley, Nevada. Journal of Pale-

ontology 33:872-887.

MacFadden, B. J. 1984a. Systematics and phylogeny of

Hipparion, Neobipparion, Nannippus, and Cormo-
bipparion (Mammalia, Equidae) from the Miocene

and Pliocene of the New World. Bulletin of the

American Museum of Natural History 179:1-196.

. 1984b. Astrobippus and Dinobippus from the Ye-

pomera Local Fauna (Hemphillian, Mexico) and im-

plications for the phylogeny of one-toed horses.

Journal of Vertebrate Paleontology 4:273-283.

. 1986. Late Hemphillian monodactyl horses

(Mammalia, Equidae) from the Bone Valley Forma-

tion of central Florida. Journal of Paleontology 60:

466-475.

. 1992. Fossil horses. Systematics, paleobiology,

and evolution of the family Equidae. Cambridge,

New York: Cambridge University Press, xii + 369

PP-
. 1997. Pleistocene horses from Tarija, Bolivia, and

validity of the genus Onobippidium (Mammalia:

Equidae). Journal of Vertebrate Paleontology 17:

199-218.

MacFadden, B. J., and M. F. Skinner. 1979. Diversification

and biogeography of the one-toed horses Onohip-

pidium and Hippidion. Peabody Museumof Natural

History, Postilla 175:1-10.

. 1981. Earliest Holarctic hipparion, Cormohip-

parion goorisi n. sp. (Mammalia, Equidae) from the

Barstovian (medial Miocene) Texas Gulf Coastal

Plain. Journal of Paleontology 55:619-627.

MacFadden, B. J., C. C. Swisher III, N. D. Opdyke, and

M. O. Woodburne. 1990. Paleomagnetism, geochro-

nology, and possible tectonic rotation of the middle

Miocene Barstow Formation, Mojave Desert, south-

ern California. Geological Society of America Bul-

letin 102:478-493.

Marsh, O. C. 1874. Notice of new equine mammals from

the Tertiary formation. American Journal of Science

7:247-258.

Matthew, W. D., and R. A. Stirton. 1930. Equidae from

the Pliocene of Texas. University of California, Bul-

letin of the Department of Geological Sciences 19:

349-396.

Maxson, J. H. 1930. A Tertiary mammalian fauna from

the Mint Canyon Formation of southern California.

Carnegie Institution of Washington Publication 404:

77-112.

Merriam, J. C. 1913a. New anchitherine horses from the

Tertiary of the Great Basin area. University of Cali-

fornia Publications, Bulletin of the Department of

Geology 7:419-434.

. 1913b. New protohippine horses from Tertiary

beds on the western border of the Mohave Desert.

University of California Publications, Bulletin of the

Department of Geology 7:435-441.

. 1914. Correlation between the Tertiary of the

Great Basin and that of the marginal marine prov-

ince in California. Science 40:644-645.

. 1915. Newhorses from the Miocene and Pliocene

of California. University of California Publications,

Bulletin of the Department of Geology 9:49-58.

. 1916. Relationship of Equus to Pliobippus sug-

gested by characters of a new species from the Plio-

cene of California. University of California Publica-

tions, Bulletin of the Department of Geology 9:525-

534.

. 1919. Tertiary mammalian faunas of the Mohave
Desert. University of California Publications, Bulle-

tin of the Department of Geology 11:437-585.

Merriam, J. C., C. Stock, and C. L. Moody. 1925. The
Pliocene Rattlesnake Formation and fauna of eastern

Oregon, with notes on the geology of the Rattle-

snake and Mascall deposits. Carnegie Institution of

Washington Publication 347:43-92.

Moreno, F. P. 1891. Onobippidium munizi: Breve noticia

sobre los restos fosiles de un genero nuevo de la fam-

ilia de los Equidae conservadas en el Museo de La

Plata. Museo La Plata Revista 2:65-71.

Munthe, J. 1979. The Hemingfordian mammal fauna of

the Vedder locality, Branch Canyon Sandstone, Santa

Contributions in Science, Number 473 Kelly: Miocene Horses of California 37



Barbara County, California. Part III. PaleoBios 29:

1 - 22 .

Oakeshott, G. B. 1958. Geology and mineral deposits of

San Fernando Quadrangle, Los Angeles County, Cal-

ifornia. California Division of Mines and Geology

Bulletin 172:1-147.

Olson, E. C., and P. O. McGrew. 1941. Mammalian fauna

from the Pliocene of Honduras. Geological Society

of America Bulletin 52:1219-1244.

Osborn, H. F. 1918. Equidae of the Oligocene, Miocene,

and Pliocene of North America. American Museum
of Natural History Memoir 2:1-326.

Owen, R. 1869. On fossil teeth of equines from Central

and South America. Royal Society of London Pro-

ceedings 27:267-268.

Platnick, N. I., and G. Nelson. 1978. A method of analysis

for historical biogeography. Systematic Zoology 27:

1-16.

Prado, J. L., and M. T. Alberdi. 1996. A cladistic analysis

of the horses of the tribe Equini. Paleontology 39:

663-680.

Prothero, D. R., and R. M. Schoch. 1989. Classification

of the Perissodactyla. In The evolution of perisso-

dactyls, eds. D. R. Prothero and R. M. Schoch, pp.

530-537. Oxford Monographs on Geology and

Geophysics, number 15. New York: Oxford Univer-

sity Press, xii + 537 pp.

Quinn, J. H. 1955. Miocene Equidae of the Texas Gulf

Coastal Plain. University of Texas, Bureau of Eco-

nomic Geology Publication 5516:1-102.

Quinn, J. P. 1984. Geology and biostratigraphy of the Bo-

pesta Formation, southern Sierra Nevada Moun-
tains, Kern County, California. Master’s thesis, Uni-

versity of California, Riverside.

. 1987. Stratigraphy of the middle Miocene Bopes-

ta Formation, southern Sierra Nevada, California.

Natural History Museum of Los Angeles County,

Contributions in Science 393:1-31.

Repenning, C. A., T. R. Weasma, and G. R. Scott. 1995.

The early Pleistocene (latest Blancan-earliest Irving-

tonian) Froman Ferry Fauna and history of the

Glenns Ferry Formation, southwestern Idaho. United

States Geological Survey Bulletin 2105:1-86.

Richey, K. A. 1948. Lower Pliocene horses from Black

Hawk Ranch, Mount Diablo, California. University

of California Publications in the Geological Sciences

28:1-44.

Savage, D. E. 1955. Nonmarine lower Pliocene sediments

in California. University of California Publications

in Geological Sciences 31:1-26.

Savage, D. E., and D. E. Russell. 1983. Mammalian pa-

leofaunas of the world. Massachusetts, Reading: Ad-

dison-Wesley Publishing Company, Inc., xvii + 432

pp.

Sellards, E. H. 1916. Fossil vertebrates from Florida: a

new Miocene fauna; new Pliocene species; the Pleis-

tocene fauna. Annual Report of the Florida Geolog-

ical Survey 10:11-41.

Shotwell, J. A. 1963. Mammalian fauna of the Drewsey

Formation, Bartlett Mountain, Drinkwater and Otis

Basin Local Faunas. Transactions of the American

Philosophical Society, new series, 53:70-77.

. 1970. Pliocene mammals of southeast Oregon and

adjacent Idaho. University of Oregon, Bulletin of the

Museum of Natural History 17:1-103.

Simpson, G. G. 1930. Tertiary land mammals from Flor-

ida. Bulletin of the American Museum of Natural

History 59:149-211.

Skinner, M. F., and B. E. Taylor. 1967. A revision of the

geology and paleontology of the Bijou Hills, South

Dakota. American MuseumNovitates 2300:1-53.

Skinner, M. F., and B. J. MacFadden. 1977. Cormohip-

parion n. gen. (Mammalia, Equidae) from the North
American Miocene (Barstovian-Clarendonian). Jour-

nal of Paleontology 51:912-926.

Skinner, M. F., S. M. Skinner, and R. J. Gooris. 1977.

Stratigraphy and biostratigraphy of late Cenozoic

deposits in central Sioux County, western Nebraska.

Bulletin of the American Museum of Natural His-

tory 158:263-371.

Sondaar, P. Y. 1968. The osteology of the manus of fossil

and Recent Equidae. Nederlandse Akademie van

Wetenschappen, Natuurkunde, Amsterdam 25:1-76.

Stirton, R. A. 1939. Cenozoic mammal remains from the

San Francisco Bay region. University of California

Publications, Bulletin of the Department of Geolog-

ical Sciences 24:339-410.

. 1940. Phylogeny of North American Equidae.

University of California Publications, Bulletin of the

Department of Geological Sciences 25:165-198.

Stirton, R. A., and W. Chamberlain. 1939. A cranium of

Pliobippus fossulatus from the Clarendon lower

Pliocene fauna of Texas. Journal of Paleontology 13:

349-353.

Tedford, R. H., and R. M. Alf. 1962. A new Megahippus

from the Barstow Formation, San Bernardino Coun-

ty, California. Southern California Academy of Sci-

ence Bulletin 61:113-122.

Tedford, R. H., T. Galusha, M. F. Skinner, B. E. Taylor,

R. W. Fields, J. R. Macdonald, J. M. Rensberger, S.

D. Webb, and D. P. Whistler. 1987. Faunal succes-

sion and biochronology of the Arikareean through

earliest Hemphillian interval (late Oligocene through

earliest Pliocene epoch), North America. In Cenozoic

mammals of North America, geochronology and

biostratigraphy, ed. M. O. Woodburne, pp. 153—

210. Berkeley: University of California Press, 336

pp.

Troxell, E. L. 1916. An early Pliocene one-toed horse,

Pliobippus lullianus sp. nov. American Journal of

Science 42:335-348.

Vanderhoof, V. L. 1933. A skull of Pliobippus tantalus

from the later Tertiary of the Sierran foothills of Cal-

ifornia. University of California Publications, Bulle-

tin of the Department of Geological Sciences 23:

183-193.

Webb, S. E. 1969. The Burge and Minnechaduza Clar-

endonian mammalian faunas of north-central Ne-

braska. University of California Publications in Geo-

logical Sciences 78:1-191.

. 1978. A history of savanna vertebrates in the New
World, part II, South America and the Great Amer-

ican Interchange. Annual Reviews of Ecology and

Systematics 9:393-42 6.

Webb, S. E., and R. C. Hulbert. 1986. Systematics and

evolution of Pseudbipp avion (Mammalia, Equidae)

from the late Neogene of the Gulf Coastal Plain and

the Great Plains. In Vertebrates, phylogeny, and phi-

losophy, ed. K. M. Flanagan and J. A. Lillegraven.

Contributions to Geology, University of Wyoming,

special paper 3:237-285.

Whistler, D. P, and D. W. Burbank. 1992. Miocene bio-

stratigraphy and biochronology of the Dove Spring

Formation, Mojave Desert, California, and charac-

terization of the Clarendonian mammal age (late

38 H Contributions in Science, Number 473 Kelly: Miocene Horses of California



Miocene) in California. Geological Society of Amer-

ica Bulletin 104:644-658.

Winans, M. C. 1985. Revision of North American fossil

species of the genus Equus (Mammalia: Perissodac-

tyla: Equidae). Ph.D. dissertation, University of Tex-

as, Austin, 265 pp.

Wood, H. E., II, R. W. Chaney, J. Clark, E. H. Colbert,

G. L. Jepsen, J. B. Reeside, and C. Stock. 1941. No-
menclature and correlation of the North American

continental Tertiary. Geological Society of America

Bulletin 52:1-48.

Woodburne, M. O. 1969. Systematics, biogeography, and

evolution of Cynorca and Dyseobyus. Bulletin of the

American Museum of Natural History 14:271-356.

. 1975. Cenozoic stratigraphy of the Transverse

Ranges and adjacent areas, southern California, part

I, Constraints for late Cenozoic offset on the San

Andreas fault system, southern California —sedimen-

tary basins of the Transverse Ranges and adjacent

areas. Part II: Chronology and stratigraphy of Ce-

nozoic nonmarine deposits, Transverse Ranges and

adjacent areas, southern California. Geological So-

ciety of America Special Paper 162:1-91.

. 1989. Hipparion horses: a pattern of endemic

evolution and intercontinental dispersal. In The evo-

lution of perissodactyls, ed. D. R. Prothero and R.

M. Schoch, pp. 197-223. Oxford Monographs on

Geology and Geophysics, number 15. New York:

Oxford University Press, xii + 537 pp.

. 1996. Precision and resolution in mammalian
chronostratigraphy: principles, practices, examples.

Journal of Vertebrate Paleontology 16:531-555.

Woodburne, M. O., and R. H. Tedford. 1982. Litho- and

biostratigraphy of the Barstow Formation, Mojave
Desert, California. In Geologic excursions in the Cal-

ifornia desert. Geological Society of America, Cor-

dilleran Section, Annual Meeting, 78 th
,

Anaheim,

California, Volume and Guidebook, 65-76.

Woodburne, M. O., S. T. Miller, and R. H. Tedford. 1982.

Stratigraphy and geochronology of Miocene strata

in the central Mojave Desert, California. In Geologic

excursions in the California desert. Geological Soci-

ety of America, Cordilleran Section, Annual Meet-

ing, 78 th
,

Anaheim, California, Volume and Guide-

book, 47-54.

Woodburne, M. O., R. H. Tedford, and C. C. Swisher III.

1990. Lithostratigraphy, biostratigraphy, and geo-

chronology of the Barstow Formation, Mojave Des-

ert, southern California. Geological Society of Amer-

ica Bulletin 102:459-477.

Woodburne, M. O., and C. C. Swisher III. 1995. Land
mammal high-resolution geochronology, interconti-

nental overland dispersals, sea level, climate, and vi-

cariance. In Geochronology time scales and global

stratigraphic correlation, eds. W. A. Berggren, D. A.

Kent, and M. P. Aubry. Society for Sedimentary Ge-

ology Special Publication 54, 335-364.

Received 1 October 1997; accepted 4 June 1998.

APPENDICES

Appendix A

The following is a list of species that at times in the scientific literature have been assigned to Pliobippus

but are now regarded by most investigators as being referable to other genera.

Original assignment Current assignment Reference

Protobippus supremus Leidy, 1869 Protobippus supremus Hulbert (1988a)

Hippidium spectans Cope, 1880 “ Dinohippus ” spectans Savage and Russell (1983), Hul-

bert (1989), this paper

Equus simplicidens Cope, 1892 Equus simplicidens or Plesip-

pus simplicidens

Azzaroli and Voorhies (1993)

Repenning et al. (1995)

Hippidium interpolatus Cope, 1893 “ Dinohippus ” interpolatus Hulbert (1993), this paper

Equus minutus Cope, 1893 Nannippus peninsulatus MacFadden (1984a)

Equus cuminsii Cope, 1893 Equus cuminsii Winans (1985), Azzaroli (1995)

Protobippus simus Gidley, 1906 Protobippus supremus Hulbert (1988a)

Protobippus tebonensis Merriam, 1915 ?
“
Dinohippus ” tebonensis or

“
Pliobippus ” tebonensis

Hulbert (1993), Kelly (1995),

this paper

Pliobippus leidy anus Osborn, 1918 Dinohippus leidyanus Quinn (1955), Azzaroli (1988)

Pliobippus edensis Frick, 1921 Dinohippus leidyanus Azzaroli (1988)

Pliobippus osborni Frick, 1921 Dinohippus leidyanus Azzaroli (1988)

Pliobippus francescana Frick, 1921 ? Dinohippus or Astrohippus Winans (1985)

Calippus martini Hesse, 1936 Calippus martini Hulbert (1988a)

Pliobippus leardi Drescher, 1941 “ Dinohippus ” leardi Hulbert (1993), Kelly (1995),

this paper

Pliobippus hondurensis Olson & McGrew, 1941 Calippus hondurensis Hulbert (1988a)

Pliobippus mexicanus Lance, 1950 “ Dinohippus ” mexicanus this paper

Pliobippus stockii Lance, 1950 Astrohippus stockii MacFadden (1984b)

Pliobippus cir cuius Quinn, 1955 Calippus circulus Hulbert (1988a)
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Appendix B

The following is a list of synonyms of species of Pliohippus and indeterminate species of Pliohippus.

Original assignment Current assignment or status

Pliohippus rohustus Marsh, 1874 Pliohippus pernix Marsh, 1874

Pliohippus pachyops Cope, 1893 Pliohippus fossulatus (Cope), 1893

Merychippus campestris Gidley, 1907 Pliohippus mirabilis (Leidy), 1858

Pliohippus coalingensis Merriam, 1914 nomen dubium

Pliohippus fairbanksi Merriam, 1915 Pliohippus tantalus Merriam, 1913b

Pliohippus lullianus Troxell, 1916 Pliohippus pernix Marsh, 1874

Pliohippus proversus Merriam, 1916 nomen dubium

Appendix C

The following are characters and character states used in

cladistic analyses (see methods for definitions of wear

stages).

1. Depth of nasal notch. Three states are recognized: 0,

posteriormost point dorsal to about the anterior 34 of

C-P 2 diastema or more anterior; 1, posteriormost

point dorsal to posterior Va of C-P 2 diastema to an-

terior V2 of P2
; 2, posteriormost point dorsal to pos-

terior V2 of P2 or deeper.

2. Nasal bones. Two states are recognized: 0, nasal

bones are not flared anteriorly and constricted pos-

teriorly; 1, nasal bones flared anteriorly and constrict-

ed posteriorly.

3. Frontal bones. Two states are recognized: 0, frontal

bones notably domed; 1, frontal bones flat, not

domed.

4. Groove on frontal bones between orbit. Two states

are recognized: 0, groove absent or weakly developed;

1, groove deep and well developed.

5. Relative depth of DPOF. The DPOF(dorsal preorbital

fossa) is a depression of varying depth and morphol-

ogy present in many fossil equids. The relative depth

of the DPOFis determined from the ratio of the mean
greatest perpendicular depth of the DPOF(relative to

the surrace of the face) to the mean URTL. Two states

are recognized: 0, relative depth shallow (ratio

<0.12); 1, relative depth moderate to deep (ratio

>0.12).

6. Dorsal margin of DPOF. Two states are recognized:

0, dorsal margin rounded; 1, dorsal margin sharply

rimmed.

7. Relative height of DPOF. The relative height of the

DPOFis the ratio of the mean D-V height of the fossa

measured at the center of the fossa to the mean
URTL. Two states are recognized: 0, DPOFnot no-

tably narrowed dorsoventrally (ratio >0.23); 1,

DPOF notably narrowed dorsoventrally (ratio

<0.23).

8. Malar fossa. In addition to a DPOF, some equids have

a depression in the ventral preorbital region termed a

malar fossa. Three states are recognized: 0, malar fos-

sa absent; 1, malar fossa present and well separated

from the DPOFby distinct ridge of bone; 2, malar

fossa present and confluent with DPOF, that is, the

fossae are only separated posteriorly by a weak, low
ridge of bone.

9. Posterior margin and pocket of DPOF. Four states are

recognized: 0, posterior margin of DPOFwithout a

pronounced rim, no pocket; 1, posterior margin with

a pronounced rim but not pocketed; 2, posterior mar-

gin with pronounced rim and shallow pocket, depth

less than 5 mm; 3, posterior margin with pronounced

rim and deep pocket, greater than 5 mm. A pro-

nounced rim means that the margin of the fossa is

very easily discernible because of a distinct change in

slope.

10. Relative preorbital bar length. The preorbital bar

length (PBL) is the distance between the orbit and the

DPOF. The relative preorbital bar length is deter-

mined by dividing the mean PBL by the mean UTRL.
Three states are recognized: 0, narrow (ratio <0.10);

1, moderate (ratio 0.10 to 0.18); 2, long (ratio

>0.18).

11. Malar fossa complexity. Two states are recognized: 0,

simple in structure; 1, complex in structure (compart-

mentalized).

12. Malar fossa pocket. In some equids, the malar Foss a

forms a posterior pocket. Two states are recognized:

0, unpocketed; 1, pocketed.

13. Relative depth of malar fossa. The relative depth of

the malar fossa is determined from the ratio of the

greatest perpendicular depth of the malar fossa (rel-

ative to the surface of the face) to the mean URTL.
Two states are recognized: 0, relative depth moderate

to deep (ratio >0.10); 1, relative depth shallow (ratio

< 0 . 10 ).

14. Infraorbital foramen position. Two states are recog-

nized: 0, positioned over posterior half of P3 to an-

terior half of P4
; 1, positioned over posterior half of

P4 to anterior half of M1
.

15. Relative muzzle length. Character state is determined

by comparison of upper 1
3-P 2 diastema length (UDL)

and UTRL in middle age adults. Two states are rec-

ognized: 0, moderate (UDL between 40 and 55% of

UTRL); 1, elongated (UDL between 56 and 70% of

UTRL).

16. Cement on deciduous premolars. Three states are rec-

ognized: 0, no cement present; 1, cement layer rudi-

mentary and very thin (<1 mmthick), commonly
only found on dP4 and dP4

2, moderate to very thick

coating (>1 mmthick) of cement on all deciduous

cheek teeth.

17. Cement on permanent cheek teeth. Three states are

recognized: 0, thin layer of cement present (<1 mm
thick); 1, moderate layer of cement present (about 1
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mmthick); 2, thick (>1.5 mmthick) layer of cement

present, as in Equus.

18. Protocone shape (P 3-M 2
). Based on average value of

the ratio of protocone length (PRL) to width (PRW),

taken in moderate wear stage. Three states are rec-

ognized: 0, round (ratio <1.2); 1, oval (ratio 1.2-2. 0);

2, elongate-oval (ratio 2. 0-3.0).

19. Timing of protocone connection to protoloph on P3-4
.

Five character states are recognized: 0, protocone con-

nected to protoloph immediately after the onset of

occlusal wear; 1, connected during the very early wear

stage; 2, connected during the early to early moderate

wear stage; 3, connected during the late moderate

wear stage; and 4, connected during the late wear

stage.

20. Timing of protocone connection to protoloph on

M1-2
. Same five character states as character 19.

21. Protocone connection to hypocone on M1-2
. Three

states are recognized: 0, protocone never connects to

hypocone; 1, connection occurs in late wear stage; 2,

connection occurs prior to late wear stage.

22. Pli caballin on P2-4
. Four states are recognized: 0, pli

caballin absent or worn away in early wear stage; 1,

pit caballin commonly present but small and nonper-

sistent, worn away in early moderate to moderate

wear stages; 2, pli caballin well developed in early to

moderate wear stage, worn away in late wear stage;

3, pli caballin well developed, persistent, commonly
branched or multiple.

23. Pli caballin on M1-3
. Same four states as character 22.

24. External fossette plications. This character is based on

the common fossette morphology observed in early

and moderate wear stages. Two states are recognized:

0, pli protoloph and pli hypostyle rare or, if present,

single and nonpersistent; 1, pli protoloph and/or pli

hypostyle common, persistent, but single.

25. Internal fossette plications. This character is based on
the common fossette morphology observed in early

and moderate wear stages. Five states are recognized:

0, all internal fossette plications absent; 1, simple but

nonpersistent internal fossette plications (pli prefos-

sette and pli postfossette single or multiple in early

wear stages, single or absent in moderate wear stages);

2, simple but persistent internal fossette plications (as

in 1 but with plications generally present in later wear
stages); 3, moderately complex internal fossette pli-

cations (2 to 5 plications present on each side in early

and moderate wear stages, with a limited amount of

branching); 4, complex internal fossette plications (3

to 7 plications present on each side in early and mod-
erate wear stages, branching of plications common).

26. Timing of hypoconal groove closure on P2-M 2
. Four

states are recognized: 0, hypoconal groove open to

near base of crown; 1, hypoconal groove closed in late

wear stages; 2, hypoconal groove closed in moderate

wear stages; 3, hypoconal groove closed in early wear
stages.

27. Hypoconal lake on P3^. Two states are recognized: 0,

hypoconal groove does not usually form an isolated

lake when it closes; 1, hypoconal groove commonly
forms a lake after closing.

28. Hypoconal lake on M1-2
. Same two states as character

27.

29. Curvature of upper cheek teeth (P 3-M 2
). Based on the

radius of curvature (ROC) measured along the me-

sostyle (Skinner and Taylor, 1967). Two states are rec-

ognized: 0, strongly curved, ROC<40 mm; 1, mod-
erately curved, ROCfrom 40 to 80 mm.

30. Ectoflexid depth on P2 in early to early moderate

wear. Three states are recognized: 0, ectoflexid deep,

completely penetrates isthmus; 1, ectoflexid moder-

ately deep, only partially penetrates isthmus between

metaconid and metastylid; 2, ectoflexid shallow, does

not penetrate isthmus between metaconid and meta-

stylid.

31. Ectoflexid depth on P3_4 in early to early moderate

wear. Same three state as character 30.

32. Protostylids on P2-M 2 . Three states are recognized: 0,

protostylids absent or may be present only near base

of crown as small anterior cingulids, do not appear

on the occlusal surface until late wear stage; 1, pro-

tostylids moderately well developed, positioned in an-

terolabial corner of the tooth, appear on the occlusal

surface in early wear stage; 2, protostylids very well

developed, extend labially about as far as the proto-

conid, straight.

33. Relative size of metaconid and metastylid on P
3 _4 .

Two states are recognized: 0, metaconid and metasty-

lid equal or subequal in size; 1, metastylid notably

smaller than metaconid and located more lingually.

34. Relative size of the metaconid and metastylid on
M

t _3 . Two states are recognized: 0, metaconid and

metastylid equal or subequal in size and position of

their lingual borders; 1, metastylid notably smaller

than metaconid, lingual border located more labially

than that of metaconid especially in moderate and late

wear stages.

35. Expansion of metaconid-metastylid complex. Two
states are recognized: 0, metaconid-metastylid rela-

tively small and unexpanded (mml of P3 or P4 aver-

ages <45% of apl); 1, metaconid-metastylid expand-

ed but not elongated (mml of P3 or P4 averages be-

tween 45-50% of apl).

36. Separation of metaconid and metastylid on P3-M 3 .

Three states are recognized: 0, metaconid and meta-

stylid not well separated from one another even in

very early wear stages; 1, well separated from each

other only in very early wear and early wear stages;

2, persistently well separated from each other. Well

separated means that the areas of exposed dentine of

the metaconid and metastylid are distinctly separated

from each other by the linguaflexid, with only a nar-

row passage of dentine connecting them.

37. Toothrow length (mean UTRL in moderate wear

stage). Five states are recognized: 0, <90 mm; 1, 90-

105 mm; 2, 106-125 mm; 3, 126-160 mm; 4, >160
mm.

38. Unworn molar crown height. This character is deter-

mined by unworn M1 mesostyle crown height or

metaconid crown height, ±2.5 mm. Four states are

recognized: 0, <22 mm; 1, about 25 to 38 mm; 2,

about 40 to 45 mm; 3, >50 mm.

39. Number of digits. Two states are recognized: 0, tri-

dactyl; 1, monodactyl.

40. Forearm stay apparatus, intertubercular crest (INT)

development on proximoanterior articular surface of

humerus (Hermanson and MacFadden, 1992; Mac-
Fadden, 1997). Three character states are recognized:

0, INT absent; 1, INT present but only moderately

developed; 2, INT well developed.
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